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GROUT TREATMENT FACILITY
WASTE FEED PROJECTIONS

1.0 INTRODUCTION

The Final Environmental Impact Statement, Disposal of Hanford Defense High-
Level, Transuranic and Tank Wastes, Hanford Site, Richland, Washington [HDW-
EIS] (DOE 1987) evaluated disposal alternatives for Double-Shell Tank (DST)
wastes at the Hanford Site. The responsive Record of Decision (ROD] (DOE
1988) selected cementitious disposal via the Hanford Grout Disposal Program
(HGDP) as the preferable alternative for the disposal of low-level radioactive
liquid wastes contained in Hanford's DSTs.

Since the issuance of the HDW-EIS and ROD (DOE 1987, 1988) extensive review
and analysis has been conducted to. determine. the specific nature and
characteristics of DST wastes to be received and disposed under the HGOP.

The purpose of this document is to describe the current information available
on the character of wastes identified as HGDP feed material. Grout feed
material is to be composed of the low-level liquid pretreated residuals and
supernatant fractions of all DSTs. Dilute waste materials contained within
OSTs are, in large part, expected to be evaporated prior to HGDP processing in
order to ease tank farm capacity constraints.

1-1-
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2.0 WASTE DATA EVALUATION METHODS AND HISTORY

The DST wastes described in this document have been evaluated in four general
manners. The first such manner is that of direct sampling and analysis for
the purpose of characterization. The second is the use of historical process
data surrounding material transfers and historical and expected
Evaporator/Crystallizer campaign conduct. Thirdly, pretreatment flowsheet
information is used to describe approximately one half of expected waste
receipts to the HGPO. Finally, data resulting from the above evaluations are
compared to relevant reactor history codes and Hanford Site documents. This
last comparative evaluation is contained in §4.0.

A summary of expected wastes described in this document is contained in Table
I and depicted in Figure 1. These wastes comprise the supernatant liquid
fraction of current, future and pretreated DST contents expected to be
received by the Hanford Grout Disposal Program. These wastes and their
volumes are described by Hanlon A1992), and.Lowe (1991), and are further
developed within this document.

2.1 Wastes Described by Direct Sampling and Analysis

The DST wastes described in this document for which information gathered was
by direct sampling and analysis include concentrated waste tanks 241-AN-106,
241-AW-101, and 241-AN-103, and dilute waste tanks 241-AP-103, 241-AW-106, and
241-AW-102. Further discussion of the history of information accumulation on
this waste category is provided below.

The first significant milestone in the evaluation of concentrated-DST wastes
was achieved in 1988 with the initial issuance of "Methods and Data for Use in
Determining Source Terms for the Grout Disposal Program" (Hendrickson 1990).
That document describes the analyses of the supernatant fractions of three DST
waste tanks expected, at that time, to be representative of all wastes to be
received at the HGDP. The three wastes discussed were those contained in
tanks 241-AN-106, 241-AW-IGI, and 241-AN-103. These wastes are, respectively,
concentrated phosphate wastes from N-Reactor, concentrated Facilities waste
termed Double-Shell Slurry Feed (0SSF), and Double-Shell Slurry (DSS).

Additional milestones were achieved in the completion of detailed analyses of
tanks 241-AN-106 and 241-AW-101 (Welsh 1991a and 1991b). These detailed
analyses allowed significant analytical refinement and reduction in the
estimation of waste variability (expressed as the standard deviation) for
these wastes.

Characterization efforts in support of projected Evaporator/Crystallizer
operation led to the sampling and analysis of dilute non-complexed wastes
contained in tanks 241-AP-103, 241-AW-106, and 241-AW-102 between June and
December 1991.

E.9
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TABLE 1: Grout Treatment Facility Waste Volume Expectations

General Type Description Tanks Volume (L x 106)

Conrcntrated 241-AN-106 3.67
Phosphate

241-AW-101 3.83
Existent 241-AP-105 3.15
DSSF 241-AN-104 3.02

DSSF' Family 241-AN-105 4.27

Future DSSF Undefined 30.28

DSS 241-AN-103 3.55

Dilue Wates241-AP-106
Dilute Wastes and others 9.05

241-AZ-101 3.60
NCAW 241-AZ-102 3.61

241-AW-103
Pretreated NCRW 241-AW-105 12.87

Wastes 241-SY-102
(Low-Level PFP and PFP- 2.08
Residual)

241-SY-101
Complexed 241-SY-103
Concentrate 241-AN-102 39.0

241-AN-107

Total 122.0

2.2 Wastes Described by Process and TransfeF History

Wastes described in this document for which information gathered was by
process and transfer history include concentrated waste tanks 241-AP-105,
241-AN-104, and 241-AN-105, and dilute waste tank 241-AP-106. Future
evaporator products are estimated based on current dilute waste compositions
and expected evaporative processing. Further discussion of the history of
information accumulation on this waste category is provided below.

Detailed historical analysis of waste material transfers and Evaporator/
Crystallizer operation allowed the development of waste composition estimates
for dilute waste tank 241-AP-106 and DSSF tank 241-AP-105 (Hendrickson and
Welsh 1992a, and 1992b). These material estimates were developed to support
sampling and analysis of these tanks.

Waste descriptions and acronyms are detailed in the following text
and in Hanlon (1992).

2-2
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Figure 1: Waste Source Volume Distribution for Grout Disposal-

Dilute wastes contained in tanks 241-AP-103, 241-AW-106, and 241-AW-102, as
described in §2.1, were sampled and analyzed in support of Evaporator/
Crystallizer operation. These materials are intended to be evaporated in
242-A Evaporator/Crystallizer Campaign 93-1 (O'Rourke 1992). As these
materials are miscellaneous facilities wastes, and as the source streams are
expected to be the generation source for such future wastes, process
evaluation of the evaporated [i.e. concentrated] product has been conducted to
estimate the composition and concentration of future concentrated wastes. As
described by O'Rourke, expectations are that the concentrated materials would
not be as highly concentrated as current 0SSF material and would be classified
as dilute-DSSF wastes (DDSSF). Such concentrated product is, as depicted in
Figure 1, expected to constitute approximately 25 percent of all HGDP feed
material.

Concentra' waste materials (DSSF) contained within tanks 241-AN-104 and
241-AN-105 were produced in Evaporator/Crystallizer campaigns 84-3, 84-5, and
85-3. These campaigns, and sample data in support of evaporator operation,
are documented in Certa (1985), Gratny (1985), and Pontious (1986). Waste
volumes, and their analyses, distributed to these tanks were used to estimate
the composition of these wastes.

2-3
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2.3 Wastes Described by Pretreatment Flowsheets

Wastes described in this document for which information gathered was from
pretreatment flowsheets include the low-level streams resulting from
pretreatment of Neutralized Current Acid Waste (NCAW), Neutralized Cladding
Removal Waste (NCRW), Plutonium Finishing Plant (DFP) waste, and Complexed
Concentrate (CC) waste.

NCAW is currently stored in tanks 241-AZ-101 and 241-AZ-102. NCRW is
currently stored in tanks 241-AW-103 and 241-AW-105. PFP waste is currently
stored in 241-SY-102 and in the PFP. CC waste is currently stored in DST and
SST tanks 241-SY-101 and -103, 241-AX-102 and -103, and 241-AN-102 and -107
(Hanlon 1992).

These wastes and the low-level streams resulting from their pretreatment are
described in Lowe (1991). These flowsheets include globally the existence and
pretreatment of CC waste within the single-shell tanks (SST) 241-AX-102 and
241-AX-103. Although this document is prepared to describe the disposal of
DST wastes only, the differences in waste volume and contents due to the small
volume of these SST contents (151 kgal) upon the Lowe (1991) flowsheets are
conservatively neglected in this document.

2-4
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3.0 DATA HANDLING TECHNIQUES

As described in 52.0, above, three general forms of data were available for
compilation and interpretation. In reiteration, these forms of data were
actual sample data of existent tank wastes, sample and process data for wastes
placed (or to be placed) into tanks, and process flowsheet estimates for
future pretreatment residuals. The handling of each-of these types of data
are described below. Each of the data handling operations described below is
depicted in Figure 2.

Key to the handling of data within the first two categories (data based upon
direct sampling or evaporative processing of current and future wastes which
will not be pretreated) is the knowledge that the sources for these wastes are
common. Each of these wastes are the combined product of the miscellaneous
low-level liquid wastes of Hanford's 100, 200, 300, and 400 Areas. Because
the waste sources are similar they constitute a family which is herein
described as the "DSSF Family" of wastes. Within this "family" the
concentration of nonvolatile constituents is inversely proportional to water
content. This familial relationship, as illustrated in Figure 3, is not
perfect but allows data gaps to be bridged and the mean concentration of an
analyte to be reasonably estimated in the absence of some data. As an
example, if potassium concentrations are described for four of six tanks in'
the family, the mean of-all six tanks is represented as the mean of the four
tanks for which data is provided.

As will be described in §3.3, the conduct of pretreatment operatiohs and the
data provided do not allow handling of data in the manner of the DSSF family.
This data is recognized to be incomplete, as not all analytes were followed
through the flowsheets and because the differing nature of the sources do not
allow one to make generalizations based on similarity of waste sources. In
addition, proposed treatment regimes differ for the various waste streams.
Thus, in totalizing expected waste streams from these operations, the mean of
all waste streams was calculated as the weighted average of all streams. If
no data was provided for an analyte in a stream, the weight assigned was zero
while the volume of that stream remained a part of the calculation. This may
introduce some non-conservative estimates for some analytes; however, it is
believed that most analytes of potential concern in large streams are reported
and form the basis of this family's estimate.

Summary tables for the work described in §53.1 through 3.4 are contained in
Tables 1-1 through 1-4 of the Appendix. All data are converted to units of
pCi/L for radionuclides, and molarity for other constituents unless
specifically noted -11--radionuetlide data are decayed to October 1, 1993,
unless specifically noted; further 4'tcussion of decay is provided in §3.4.

3-1
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Figure 3: Profile of 05SF Family Wastes Relative to Sodium

3.1 Data Handling for Existent Waste Samples

Two types of existent waste have been directly sampled for the purpose of
characterization. These wastes are dilute non-complexed wastes and
concentrated wastes. In all, these data describe the contents of six DSTs.
Data flows shown in Figure 2 for such direct.sampling are initiated with the
symbol of a circle (0).

3-3
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3.1.1 Existent Dilute Waste Sample Data

Data described in this category includes sample data taken for dilute waste
tanks 241-AP-103, 241-AW-106, and 241-AW-102. The sample constituent mean for
these tanks was calculated as:

ci ] - x Vol UMeJ
Mean. - (Eq. 3.1]

Volume,

Where: [C] - constituent concentration,
ia constituent identifier,
j - sample, tank, or stream identifier,
Volume, is assigned a value of zero when (C] is
unreported.

Tables 2-1, 2-2, and 2-3 of the Appendix contain the validated data for these
dilute waste samples supporting O'Rourke (1992).

Tables 2-4, 2-5, and 2-6 of the Appendix contain the calculated summaries, by
tank, of this analytical data. Appendix Table 1-1 contains a joint summary of
these dilute wastes and includes an estimate of 241-AP-106 (Hendrickson and
Welsh 1992a). These four tanks of dilute waste are used herein to describe
future dilute waste receipts. Evaluation of expected evaporator operation for
tanks 241-AP-103, 241-AW-106, and 241-AW-102 is calculated and displayed in
Appendix Table 2-7 and included within Appendix Table 1-2; further discussion
on this matter is provided in §3.2.2.

3.1.2 Existent Concentrated Waste Sample Data

Data described in this category includes sample -mean data of concentrated
waste tanks 241-AN-106 (Welsh 1991a), 241-AW-101 (Welsh 1991b), and 241-AN-103
(Hendrickson 1990). These data are incorporated in Appendix Tables 4-1 and
4-2. These tables do not embody any manipulation of the data other than unit
conversion.

Particular aspects of the determination and use of the means for these tanks
are embodied within the respective reference document, however, the following
short summary is deemed appropriate.

Tank 241-AN-106 (Welsh 1991a) was sampled with the process knowledge that the
tank was stratified into a high-phosphate concentration layer, a high-sulfate
concentration layer, and at least one intermediate composition boundary layer.
Twelve bottle-on-string samples of the waste were extracted and analyzed.
Statistical analysis of the data indicated that the tank was indeed stratified
and that the tank would be well represented by a stratified mean and sample
deviation.

E.16 3-4
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Tank 241-AW-101 (Welsh 1991b) was sampled with the expectation that the tank
was relatively homogeneous. Twelve bottle-on-string samples were extracted
and analyzed. Statistical analysis of the data indicated that the tank was
homogeneous.

Tank 241-AN-103 (Hendrickson 1990) was sampled through core-drilling of the
tank. The samples analyzed and reported were those of core composites.

3.2 Data Handling for Process History Samples

Both dilute and concentrated wastes are herein described by their evaporative
process and analytical history. This category includes the dilute waste tank
241-AP-106, OSSF tanks 241-AP-105, 241-AN-104, and 241-AN-105, and future
concentrated miscellaneous wastes. Data flows shown in Figure 2 for such
evaporative process history and analysis are initiated with the symbol of a
triangle (a).

----- 3-2.1--Referenced Historical Process Analyses

As described in 52.2, the contents, in terms of expected mean concentrations,
of tanks 241-AP-106 and 241-AP-105 were estimated in Hendrickson and Welsh
(1992a'and 1992b). Appendix Table 1-1, containing a joint estimate of dilute
wastes, incorporates 241-AP-106 estimates. Appendix Table 4-2 contains waste
tank 241-AP-105 estimates. Each are, again, converted to the common units of
uCi/L and molarity except where noted.

3.2.2 Future Evaporator Product Estimation

The composition of concentrated miscellaneous wastes, as introduced in §42.2
and 3.1.2, has been estimated to be represented by the evaporative product of
tanks 241-AP-103, 241-AW-106, and 241-AW-102. Table 2-7 of the Appendix
details the expected composite of these tanks and their boil-down. Non-
volatile constituent concentrations are calculated as:

Concentrated Mean1 - Non-Concentrated Mean, (Eq. 3.2]
( 1 - WVR)

Where: WVR - (1 - S/F) - Waste Volume Reduction factor (0.87),
S - Slurry Volume (concentrated product),
F - Feed Volume, and
Non-Concentrated Mean, is evaluated by Equation 3-,.

The 87% WVR used herein is that described by O'Rourke (1992) for expected
Evaporator/Crystallizer operations. Thirty million liters (8 x 106 gallons)
of this product, derived from Koreski and Strode (1992), are used in this
estimate.

3-5

E.17



WHC-SD-WM-EE-004. Rev. 0

WHC-SD-WM-TI-528. Rev. 0

Volatile constituent concentrations (ammonia/ammonium and tritium) are
calculated to be removed in the same ratio as water as:

Concentrated Mean1 a Non-Concentrated Mean x 1 ) [Eq. 3.3]

Where: yj - molar density of pure water condensate (mol/L), and
z, - molar density of water in feed (mol/L).

3.2.3 Process Analyses for Previous Evaporator Products

The current volumes of DSSF material contained within tanks 241-AN-104 and
241-AN-105 were generated in Evaporator campaigns 84-3, 84-5, and 85-3 (Certa
1985; Gratny 1985; and Pontious 1986).

A brief synopsis of transfer history, derived from operating records, relating
to the generation sources of these materials is contained in Tables 2 and 3.
Each of these tanks contained a small heel of dilute non-complexed waste or.
concentrated waste prior to the introduction- of current materials.

TABLE 2: Tank 241-AN-104 Waste Source History

Date Activity Volume (Kgal) Tank Volume
Transferred (Kgal) at Completion

Heel Present from Prior Activities 61

Evaporator
3/4/84 Campaign 84-3 290 351

product to tank

4/84 Measured water 3 348
loss -3 348

9/84 Transfer to 3AN -193 155'

Evaporator
10/5/84 Campaign 84-5 782 937

product to tank

2/85 Measured water 3 940gain 3 940

Evaporator
4/6/85 Campaign 85-3 121 1,061

product to tank

Note: Shaded cells are those pertinent to calculations and analytical data.

3-6
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TABLE 3: Tank 241-AN-105 Waste Source History

Date Activity Volume (Kgal) Tank Volume
It j Transferred (Kgal) at Completion

Heel Present from Prior Activities 11

Evaporator
12/82 Campaign 83-2 259 270

product to tank

Evaporator
1/83 Campaign 83-4 369 639

product to tank

3/84 Transfer -30 609

3/84 Transfer from 4AN 499 1,108

2/85 Transfer to -954 154
Evaporator -954 154

Evaporator
3/85 Campaign 85-3 : 2397 393

product to tank

Evaporator
4/85 Campaign 85-3 732 1,125

- product to tank

Note: Shaded cells are those pertinent to calculations and analytical data.

For purposes of this estimation, the existent volumes were assumed to be the
represented by the materials introduced. This is considered a reasonable
approximation. Upon inspection of Table 2 one should observe that only 5% of
the current contents of 241-AN-104 consist of materials present prior to the
data applied. Similarly, approximately 14% of material present in 241-AN-105
was previously present; this material was dilute-OSSF.

Evaporator campaign 84-3, 84-5, and 85-3 data are presented in Appendix Tables
3-1, 3-2, and 3-3. Calculations upon this data are summarized on Appendix
Tables 3-4 and 3-5, which include the decay of radioisotopes to the date of
October 1, 1993. The method and selection basis for this decay date are
described in §3.4, below.

3-7
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The contents of tanks 241-AN-104 and 241-AN-105 are described in relation to
analytical data supporting the above evaporator campaigns and the volumes
received. Material transfers and minor discrepancies between transfer records
and campaign post-run documentation result in the application of the following
volumes (kgal) of materials i.. the estimation of material concentrations:

Evaporator Campaian 241-AN-104 Contribution 241-AN-105 Contribution

84-3 148.5 0
84-5 790 0
85-3 121 971

Thus, the analyses supporting the above volumes generated are weighted by
volume to calculate the mean contents of these tanks in the manner of Equation
3-1. The resulting estimations for these tanks are contained in Appendix
Table 4-3, decayed to the latest date of the above samples (April 1985).

3.3 Data Handling for Pretreatment Low-Level Streams

At this time it is believed that Lowe (1991), provides the most complete and
current estimate of material balances for pretreatment streams. Lowe's
flowsheets are a function of what is currently known about NCAW, NCRW, CC, and
PFP wastes and-how they are currently planned to be pretreated. The
pretreatment regimens are intended to separate a low volume of high level and
transuranic material for deep geologic disposal from a large volume of low-
level waste for near-surface disposal. The separation technology development
and implementation is, admittedly, far from complete.and subject to political,
public perception, and funding variances. With this in mind, Lowe's
flowsheets have been assigned an impact and quality assurance level consonant
to no external review. As such, data used in this document are directly (some
unit conversions) from this reference as no comparable data source exists.
Should it become necessary to guide and require further pretreatment, the
acceptance criteria for wastes embodied in Hendrickson (1991b) must be
enforced prior to acceptance of wastes for disposal.

As described in §3.0, an assumption that the mean of all these waste streams
would be represented by a mean of those reported is not considered
appropriate. The reasons for this are that the original sources of the waste
differ, and because the wastes would undergo differing treatment regimes.
Table 1-4 of the Appendix details the data from Lowe (1991) and the evaluation
of a mean as that described in Equation 3-1 with no volume weights assigned to
zero.

In reiteration, this may introduce some non-conservative estimates for some
analytes; however, it is believed that most analytes of potential concern in
large streams are reported and form a valid basis of this family's estimate.
The two lowest volume streams comprising 0.37% of the pretreated volumes to
the HGDP are least well described by Lowe (1991); lack of explicit data on all
aspects of these streams is considered insignificant.
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3.4 Data Summarization and Interpretation

Data handling in §53.1 through 3.3, above, resulted in the development of:

a) An estimate of the composition of dilute wastes to be received
(Appendix Table 1-1],

b) An estimate of concentrated material to be produced in the future
[Appendix Table 2-7],

c) Estimates of all currently available concentrated feed [Appendix
Tables 4-1, 4-2, and 4-3], and

d) An estimate of all expected materials subject to pretreatment
[Appendix Table 1-4].

In order to combine the above information and to determine an estimate of the
overall inventory of materials to be received at the disposal facility,
several aspects of process and data handling must be considered. These
aspects include decay dates for radioactive materials, evaluation of
requirements for dilute wastes, use and application of limiting values, and
analytical errors. Each of these aspects and their impact on the estimate of
overall inventory are described below.

3.4.1 Application of Uniform Decay Date

In order to combine analytical data on the radionuclide content of existent
waste streams, a uniform decay date was selected. Unlike chemical
constituents which will not significantly vary over time except through
physical means, the radioactive components of the wastes continue to decrease
in concentration through radioactive decay. The decay date chosen for this
document has been that of October 1, 1993. This date has been chosen as it is
the currently expected date of HGDP startup.

An example of the use and necessity of a uniform decay date in these
calculations may be provided by describing the decay of 1 Cs in four existent
concentrated waste tanks: 241-AN-103 and -106, 241-AW-101, and 241-AP-105.
The analytical data is described within the Appendix tables as:

Tank Sample Decay Date '7Cs (Ci/L) Days before
10/01/93

241-AN-103 12/15/84 7.50 E+05 3,212

241-AP-105 01/30/89 2.85 E+05 1,705

241-AN-10u 04/21/89 2.05 E+05 1,631

241-AW-101 07/17/90 5.20 E+05 1,172

The half-life of '37Cs used within this document is 30.17 years (see Appendix
Table 5-1 for other radionuclide data used). Conversion factors of 86,400
seconds per day and 31,556,736 seconds per sidereal year are used within decay
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equations (Hendrickson 1991a) to determine the activity of remaining material
at some given time as:

(Eq. 3.4]

where: t - interval of decay, seconds
A - decay constant [ln(2) - 0.693], and
t 1/2- isotope half-life, s.

For 241-AN-103 data, the uniform date activity may be evaluated as:

-0.693 . (3.212 day& - 86# S)

Act:ivi ty( t) = . E+oS 6a
L

= 6.128E+05( IWI)
L

[Eq. 3.51

In this manner, the decayed activities of 137Cs are calculated as:

'37Cs Activity (uCi/L)

241-AN-103

241-AP-105

241-AN-106

241-AW-101

Sample Data

7.50 E+05

2.85 E+05

2.05 E+05

5.20 E+05

Decayed Data to
10/01/93

6.13 E+05

2.56 E+05

1.85 E+05

4.83 E+05

In this fashion, and with the half-lives described in Appendix Table 5-1, all
data which can be decayed are so calculated. Materials-to be generated in the
future are not decayed and are so marked.

3.4.2 Evaluation of Dilute Waste Requirements

Current waste acceptance criteria limit the radiolytic heat content of wastes
to be disposed to the HGDP. _ Radiolytic heat loading is a calculation of the
heat released to the waste through high energy decay. Limits on such heat
loading have been established to adequately protect the disposal system and
product grout from excessive temperature during and after operational
activities.

The unit established for the evaluation of heat loading of
is the heat provided by the decay of one curie of 137CS and
daughter '37mBa ["'CsmBa]. Other high energy decay chains,

grout waste feeds
its metastable
of those expected
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in the wastes, are prorated and summed as described in Hendrickson (1991a) to
yield a decay heat evaluation in terms of 15 CsmBa heat equivalents. The
limiting asseptance value for radiolytic heat loading has been established as
0.3718 Ci CsmBa heat equivalents/L (Hendrickson 1991b) at the time of
disposal.

Observation of radiolytic heat loading of existent wastes (Appendix Table 1-3]
calculated in this fashion, following decay as described in §3.4.1,
demonstrates that some wastes would exceed the heat loading limit if disposed
in their current form and concentration. Specifically, wastes contained in
DST waste tanks 241-AWl01, 241-AN-103, -104, and -105 are each anticipated to
exceed the heat loading limit. As such, these wastes must be blended with
dilute wastes to reduce the overall radiolytic heat load.

Appendix Table 1-3 calculations yield the volumetric feed fraction (%) at
which these wastes may be blended with dilute wastes to yield a mixture at the
heat loading limit.- Dirict calculations of required dilute waste volume and
their summation result in the determination that approximately nine million
liters (2.39 x 106 gallons) of dilute waste are required. The composition of
these dilute wastes are discussed in §§2.1 and 2.2 and tabulated in Appendix
Table 1-1. The volume and composition of these required dilute wastes are
carried throughout subsequent calculations.

3.4.3 Use and Application of Limiting Values

All laboratory analyses have some limit of detection and quantitation. When
the concentration of a constituent is below the limit of the method, the
analytical value typically reported is the detection or quantitation limit
value. Such data is tagged as a "less-than" value. Examples of such "less-
than" results are contained within Appendix Tables 2-1 through 2-6 and 3-1
through 3-5. Where such "less-than" data are used within this document, they
are acted upon and weighed with other analyses as if they were indeed real
values.

This application of limiting values of detection and quantitation as real
values is inherently conservative and has the unfortunate side effect of
eliminating any estimate of analytical variability (e.g. see Welsh 1991a and
1991b). Thus, despite this shortfall in general statistical validity, it is
considered the only reasonable way to handle this data directly while
developing generalized inventory estimates.

In keeping with the applieation of "less-than" values as real values, summary
tables (Table'4 and Ap .'nuix Tables 1-]. 1-2, 1-4 and 4-1 through 4-3) of this
document no longer carry the "less-thar' indicators. As is applied in §4.0,
the existence and validity of the use of "less-than" values for a constituent
may be investigated when the waste constituent is of significant importance.
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3.4.4 Analytical Errors

Data used within this evaluation include a broad range of qualified and
unqualified data. Errors inherent within any analytical report include those
of sampling error as well as random and systematic measurement error.

Analytical summaries, such as those prepared for waste tanks 241-AN-106 and
241-AW-101 (Welsh 1991a and 1991b) have addressed the lack of significant
effect of sampling error upon well characterized tanks when those tanks are
considered homogenous. In this perspective, reported mean concentrations are
considered adequate and often carry standard deviations of approximately 10%
to 17%. The overall variance is composed of both sampling and measurement
error.

For many data sources used within this document, it is not possible at this
time to easily determine whether such analyses were conducted in duplicate,
nor whether blanks, matrix spikes and other qualification methods were
employed in data generation. Thus, the only available estimates of error on
such reports are those of analytical measurement error.

The overall analytical measurement error is composed of two variance
components. The first is known as the systematic error variance (S 2) and the
second is the random error variance (S r2). The combined estimate o? variance
is:

S 2
S2 , S.+2C Eq'.3.6J

where n is the number of measurements used to estimate the concentration (the
analytical measurement). The systematic error variance is usually estimated
through the use of known standards. Examples of laboratory standard errors
include percent standard deviations (one standard deviation) of 10.96% for
99Tc at an activity near 2 pCi/L and 17.16% for 149 at an activity near 1
gCi/L. For Westinghouse Hanford Company the laboratory standard results are
reported and stored in the LMCS database. The random error variance is
usually estimated from the duplicate sample results.

Estimates of these errors, in terms of standard deviation or relative standard
deviation, have been computed based on analytical results from samples
obtained from Tanks 241-SY-101, 241-AN-106, and 241-AW-101 (Herting et al.
1992; Welsh 1991a and 1992b). Standard deviation is the square root of the
variance. The error estimates based on Tank 241-SY-101 sample data (Window E)
are found in Tables 7.5, 7.6, and 7.10 in Herting et al. (1992). Although not
directly specified, the magnitude of the random error component based on
sample data from Tank 241-AN-106, can be obtained from the percent difference
data (%Diff.) given in Appendix C ofWelsh (1991a). The-random- error
estimates based on Tank 241-AW-101 are found in Table 4 of Welsh (1991b).
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For those analytes which are reported as "less than" values, the random
analytical error can also be estimated from the analysis of laboratory
standards.

The overall tank concentration error is a function of the analytical
measurement error and the "degree" of homogeneity within the tank. If the
tank is homogeneous, then the overall error is mainly comprised of the
analytical error. The random variability within Tank 241-AW-101, which is
estimated by the relative standard deviation [RSD] (standard deviation divided
by the mean multiplied by 100), can be computed from Table 6 of Welsh (1991b).
However, the random error (in terms of RSD) for the overall mean would be the
RSD/-qh. The random variability within Tank 241-AN-106, which is estimated by
the relative standard deviation, can be computed from Table 6 of Welsh
(1991a). The random error (in terms of RSD) for the overall mean would be the
RSD/lh. Tank 241-AN-106 is known to be a stratified tank (not homogenous).
Thus the within tank variability-should be larger than the within tank
variability of Tank 241-AW-101.

Overall analytical errors described above are expected to yield standard
deviations about data in the region of 10% to 20%. Although sensitivity
analyses may apply such error ranges about data in evaluating the
environmental impact of waste constituents in the disposal action, the
evaluation of a best estimate of overall inventory precludes direct
application within this document.

3.4.5 Data Summary

The two basic groups of wastes, the "DSSF Fimily" and pretreatment family,
remain substantially different in source and handling. Thus, the combination
of these materials in this evaluation is conducted as the last action.

3.4.5.1 0SSF Family Waste Summary

The 0SSF Family waste contribution to the HGDP waste feed projections is a
combination of existent concentrated wastes, future concentrated wastes, and
dilute wastes. The combination of these materials may be gathered and easily
expressed.

Armed with the estimate of diluent waste volume required (§3.4.2), the 0SSF
family of wastes is collected on Appendix Table 1-2. This table shows the
translation from the previous calculations of waste composition, such that
each existent concentrated waste is decayed to t'.% uniform decay date of
October 1, 1993, by applying Equation 3.4. Dilute wastes and f't*re
concentrated wastes are not decayed. A summary of the DSSF family is
calculated and presented on Appendix Table 1-2 in the manner of Equation 3.1.
This summary is passed forward and presented as the first data column of Table
4.
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3.4.5.2 Grout Waste Feed Projection Summary

A final combination of DSSF family wastes and pretreated wastes is performed
in the method of Equation 3.1. Just as the dilute and future concentrated
waster were not decayed to form Appendix Table 1-2, above, pretreated waste
composition is not decayed. This is not considered a significant error in
that the time of generation of these wastes is not yet known, and as the
pretreatment regimes through which this material will pass are expected to
remove the majority of intermediate-lived radionuclides (e.g. 137Cesium) and
may remove a majority of the long-lived transuranic material.

The resultant composition estimate is provided in Table 4. It must be noted
that the third data column (Total Feed) of Table 4 is equivalent to that
concentration for an analyte if that analyte is described in only one of the
major streams. This is considered a conservative yet necessary assumption
when no analysis for the analyte is available.

Certain radionuclides are considered sensitive enough, from a long-term
release standpoint, that refinement or affirmation of an estimate contained in
Table 4 is warranted. These "special estimates" are described in §4.0 and
yield Table 8 which overrides some estimates described in Table 4.

3.5 Recommendations on Data Usage

It is recommended that the information provided herein, when used in summary
form, be segmented by the two waste families described. As described in §3.3,
fewer analytes are described for two low volume pretreatment streams, errors
introduced from the lack of completeness of the preliminary pretreatment
flowsheets is not--expected-to-be-significant with regard to these low volume
streams.

It is recommended that more complete data be developed to accurately estimate
the projected volume and concentration profile of future wastes, and that
information provided herein as estimates be replaced with actual sample data
when such becomes available. Of particular note, high 2 'Americium data
reported for Evaporator campaign 84-3, if representative, may prohibit
(Hendrickson 1991b) the disposal of the DSSF wastes in tanks 241-AN-104 and
241-AN-105 without pretreatment.

Information acquisition on these, and other, tank wastes is often complicated
by extensive safety precautions. Such precautions, and the development of
documentation for such, may effectively prohibit significant information
acquisition on these wastes in the near future.

Speciated organic chemical analysis has not been within the analytical compass
of the majority of wastes described in this document, and as such, has been
omitted herein. Although not described in this document, such analysis must
be conducted to ensure that waste feeds remain acceptable for disposal
(Hendrickson 1991b).
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With the above considerations, the estimates provided within this document are
considered to-be the most current and complete estimate of waste feed
materials to the Hanford Grout Disposal Program and may be used as a guide in
regulatory compliance, general flowsheet, and performance assessment
activities wherein an order of magnitude accuracy is required. This document,
as it describes an average of the inherent differences between waste streams
should not be construed to override single stream data for safety analyses or
design especially when new data on each waste stream is acquired.
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TABLE 4: Grout Treatment Facility Waste Projection
(nits: pCi/L--for -radionuclides,
malarity for.others unless noted)

Waste DSSF Pretreated Total
Component Family Wastes Feed

Ag 8.90 E-05 4.08 E-05 6.48 E-05

Al 4.92 E-01 4.05 E-01 4.48 E-01

As 2.00 E-04 1.97 E-04 1.99 E-04

B 3.37 E-03 3.37 E-03

Ba 4.66 E-05 1.18 E-04 8.22 E-05

Be 1.78 E-03 1.78 E-03

Ri 3.13 E-04 3.13 E-04

Ca 4.24 E-04 7.30 E-03 3.87 E-03

Cd 6.45 E-05 1.60 E-04 1.12 E-04

Ce 1.44 E-04 1.44 E-64

Cr 4.23 E-03 1.92 E-02 1.18 E-02

Cu 1.49 E-04 4.08 E-04 2.79 E-04

Fe 1.78 E-03 1.85 E-02 1.01 E-02

Hg 5.49 E-06 5.49 E-06

K 3.44 E-01 5.65 E-02 2.00 rn1

La 1.15 E-04 1.15 E-04

Li 6.81 E-05 6.81 E-05

Mg 1.61 E-03 4.05 E-03 2.83 E-03

Mn 2.62 E-04 7.03 E-03 3.66 E-03

Mo 4.24 E-04 8.54 E-04 6.40 E-04

Na 6.00 E+00 5.00 E+00 5.50 E+00

Decay Date -
3-17
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TABLE 4: Grout Treatment Facility Waste Projection
(Units: pCi/L for radionuclides,
molarity for others unless noted)

Waste DSSF Pretreated Total
Component Family Wastes Feed

Nd 1.20 E-04 1.20 E-04

Ni 6.22 E-04 1.89 E-03 1.26 E-03

P 4.98 E-02 4.98 E-02

Pb 5.37 E-04 1.19 E-04 3.27 E-04

Sb 1.31 E-03 6.13 E-05 6.86 E-04

Se 1.75 E-04 6.13 E-04 3.95 E-04

Si 3.38 E-03 8.77 E-03 6.08 E-03

Ta 1.36 E-05 1.36 E-05

Ti 9.14 E-05 9.95 E-05 9.55 E-05

U (g/L) 1.37 E-03 4.24 E-01 2.13 E-01

V 3.14 E-04 3.14 E-04

W 1.13 E-03 1.13 E-03

Zn - 1.66 E-03- 4.08 E-04 1.03 E-03

Zr 2.50 E-04 5.09 E-02 2.56 E-02

CN' 4.01 E-04 4.01 E-04

NH3  2.03 E-02 3.99 E-03 1.21 E-02

C03'
2  2.12 E-01 1.12 E-02 1.11 E-01

Cl' 1.15 E-01 5.51 E-02 8.48 E-02

F" __-- 1.03 E+00 3.95 E-C1 7.14 E-O1

s0 2  7.63 E-02 6.70 E-02 7.16 E-02

N03 ~ 1.72 E+00 3.76 E+00 2.74 E+00

Decay Date - 10/01/93
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TABLE 4: Grout Treatment Facility Waste Projection
(Units: 1Ci/L for radionuclides,
molarity for others unless noted)

Waste DSSF Pretreated Total
Component Family Wastes Feed

NO2 9.37 E-01 7.42 E-02 5.04 E-01

P043 2.69 E-02 3.46 E-02 3.07 E-02

0H' 2.15 E+00 1.55 E-01 1.15 E+00

TOC (g/L) 8.15 E+00 3.54 E-03 4.07 E+00

TIC (g/L) 5.19 E+00 5.19 E+00

SPG 1.29 E+00

pH 1.35 E+01

3H 5.07 E+00 5.07 E+00

1C 2.85 E-01 3.71 E+00 2.00 E+00

"Co 3.91 E+01 1.56 E+01 2.73 E+01.

'Ni 1.19 E+02 1.19 E+02

"Se 3.03 E+00 3.03 E+00

"Sr 1.82 E+03 2.39 E+04 1.29 E+04

"Nb 4.33 E+01 4.33 E+01

"Nb 5.34 E+01 3.49 E+03 1.78 E+03

"Tc 4.87 E+01 5.47 E+01 5.17 E+01

10 Ru 1.29 E+02 1.29 E+02

1 6RuRh 1.62 E+03 2.07 E+03 1.84 E+03

'1Sn 1.78 E+02 1.78 E+02

1291 2.18 E-01 2.61 E-02 1.22 E-01

mCs 5.77 E+02 6.21 E+01 3.19 E+02

Decay Date - 10/01/93
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Decay Date - 10/01/93
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TABLE 4: Grout Treatment Facility Waste Projection
(Units: gCi/L for radionuclides,
molarity for others unless noted)

Waste DSSF Pretreated Total
Component Family Wastes Feed

13 Cs 2.27 E+05 3.67 E+04 1.32 E+05

1"CePr 9.80 E+02 2.12 E+03 1.55 E+03

'TMEu 2.51 E+02 4.79 E+01 1.49 E+02

1ssEu 2.85 E+02 4.91 E+01 1.67 E+02

2'Ra 1.32 E+03 1.32 E+03

04U 3.37 E-01 3.37 E-01

ZSU 1.97 E-02 1.97 E-02

aU 7.94 E-02 7.94 E-02

2 7Np 8.81 E-01 2.90 E-04 4.39 E-01

3'Pu 2.23 E-01 9.41 E-02 1.59 E-01

29240Pu 2.09 E+00 3.08 E+00 2.59 E+00

241Am 1.35 E+03 2.78 E+01 6.86 E+02

243Cm 4.14 E-02 4.14 E-02

2"Cm 8.92 E-02 1.65 E-02 5.28 E-02

TB 1.56 E+04 1.56 E+04

AT 1.86 E+00 1.86 E+00

Volume (L) 6.08 E+07 6.12 E+07 1.220 E+08
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TABLE 4: Grout Treatment Facility Waste Projection
(Units: pCl/L for radionuclides,
volarity for others unless noted)

Waste DSSF Pretreated Total
Component Family I Wastes ( Feed

Additional analytes described for pretreated wastes

"Zr 1.73 E+03 1.73 E+03

12Sb 5.41 E+02 5.41 E+02

152Eu 4.08 E+00 4.08 E+00
24Pu 8.90 E+00 8.90 E+00

22Pu 1.57 E-05 1.57 E-05

Decay Date - 10/01/93
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4.0 SPECIAL ESTIMATES OF CRITICAL ISOTOPES

As described in §3.5, it is recommended that further analytical data be
developed for the projection of grout waste estimates. Such additional data
will not come rapidly nor inexpensively. In the meantime, however, waste
material estimates derived above may either overestimate, underestimate or
fail to address waste constituents critical to an'assessment of the human and
environmental protection afforded by the proposed disposal action (Performance
Assessment).

In consideration of this, one may turn to methods other than direct waste
analysis in order to evaluate whether such an assessment should consider
application of constituent concentrations differing from those described in
Table 4.

The purpose of this section is to consider, describe, and apply other methods
of waste constituent estimation and to provide recommendations regarding waste
constituents currently believed to be potentially critical in evaluation of
the proposed disposal action. Sections 4.1 through 4.l3deveop estimates and

rcommndatiors for waste cortituents including 'Am, &U, Np, 2Th, Ra,
Cs, 29, 2 Sn, "Tc, 94Nb, Se, and "4C. Section 4.11 summarizes and

tabulates these estimates and recommendations.

Although it may be expected that 137Cs and "Sr will play a major role in the
assessment of disposal actions, estimates based on other than analytical data
are not pursued in this section because these materials are routine waste
analytes; as such, it is considered inappropriate to override analytical
measurements with mathematical estimates.

4.1 13SCesium Estimation

Cesium-135 is not a routine analyte in waste analyses and is not represented
in Table 4. The reasons for this are several and include incapability to
chemically separate i Cs from "'Cs an Cs and a half-life five orders-of-
magnitude [OM] greater than that of " Cs and six OM greater than that of134Cs.

The approach used herein to estimate 135Cs content of wastes to be received at
t1eHG0P J to apply data from the burnup of fuel with results in the form of

Cs and Cs content from which a ratio of production may be made.

Hedengren (1985, 1986) and Hedengren and Goldberg (1987) have conducted
calculations using the ORIGEN2 code to determine expectations of fission,
actinide, cladding, and activation products from the irradiation of fuel under
various conditions. Table 5 contains excerpts of data from these references
as they apply to calculations within §4. of this document. The product data
of Table 5 derive from ORIGEN2 runs assuming a 12% (240Pu/total Pu) product
using mixed Mark IV (80%) and Mark IA (20%) N Reactor fuel. Some benchmarking
of ORIGEN2 for N reactor operations has been conducted but the code has not

4-1

E.35



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0

completed verification and validation. Despite the unvalidated status of this
code, it and its results are used within this document as they are expected to
be approximately correct and because they provide the only reasonable
nonclassified production estimate available at this time.

TABLE 5: ORIGEX2 Yield Per Metric Ton of Fuel (Ci) [For 12% Pu
Mixed Mark IV and Mark IA Fuel Five Years After Discharge]

Isotope Fuel Fission Fuel Actinide Cladding and Specific
Product Product Fuel Activity

Activation (Ci/g)
Product

14C 1.024 E-05 2.023 E-02 4.46 E+00

"Se 3.757 E-02 6.96 E-02
94Nb 9.158 E-06 6.093 E-08 1.90 E-01

99Tc 1.259 E+00 1.736 E-06 1.70 E-02

Sn 6-490 E-02 2.84 E-02
1291 2.709 E-03 1.76 E-04

1sCs 3.356 E-02 1.15 E-03

7Cs 8.184 E+03 8.65 E+01
226Ra (W) 6.150 E-10 9.89 E-01

z3Th 1.697 E-05 2.06 E-02

237 Np 2.213 E-02 7.05 E-04

__u 2.656 E-01 3.36 E-07

24 'Am 4.243 E+01 3.43 E+00

241PU 4.509 E+03 1.03 E+02

As can be seen in Table 5, 0.03356 Ci of 135Cs is produced for every 8,184 Ci
of 137Cs. Similar production ratios of other materials will be applied below.
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4.1.1 Back-Decay of 13Cesium Data

In order to apply the relative data given above, an estimate for 17CS is
required. The estimate of cesium-137 production can be calculated from
analysis at any date after production given the 4alf-life of the material.
Thus, where Table 1-2 of tht Appendix contains Cs data decayed to October
1, 1993, each of these analyses may be back-decayed to an estimated time of
material separation.

-For purposes of uniformity, the time of fuel discharge is assumed to be
October 1, 1977, and fuel processed in PUREX on October 1, 1982. This period
of five years between fuel discharge and processing (fuel "cooling" period) is
assumed to be a slightly conservative and typical interval necessary in these
and later calculations involving the Ingrowth of radioisotopes. Fuel cooling
periods of five years have been assumed in subsequent calculations to
compensate for the ingrowth of radioactive isotopes; these may be significant
when the parent radionuclide is present in high concentrtion in the
irradiated fuel (e.g. 230Th ingrowth from alpha decay of 'U).

Although not all of the wastes described here were processed, sampled, or
concentrated by the above dates, they provide a reasonable average fuel
discharge date, and consequent initial generation and decay of cesium-137.
Applying a half-life of 30.17 years and a decay time of -11 years to the '37Cs
data on Appendix Table 1-2 results in.cesium activities, at that time, of 20.7
million curies. Details of this calculation are provided in Table 6, below.

It should be noted that close agreement between "Cs estimates may be found
between that provided above and through the Integrated Data Base (DOE 1991
(Table 2-17]) (IDB). Back-decay gf IDB data to October 1982 would yield 137CS
activity in tanks to be 21.1 x 10 Ci.

4.1.2 135Cesium Production
The estmate of135C f 3C

The estimate of37 Cs production may be made as the ORIGEN2 ratio of 35Cs
production to 7Cs production times the analytical estimate of production
five years after discharge of 13 Cs and computed as:

Cs-135 (Ci) - 0.03356 Ci Cs-135 * 20,663,000 Ci Cs-137 (Eq. 4.1]8,184 Ci Cs-137
- 84.73 Ci Cs-135

For the purposes of the Performance Assessment, correction of this activity
through decay to current values is insignificant (>99.9996% remaining in 1993)
ri-thereby neglected.
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TABLE 6: Waste '3 Cs Activ ty [Decay Date 10/1/1982]

Tank Cs-137 (Ci/L) Volume (L) Cs-137 (Ci)

106-AN 0.238 3,667,985 874,094

1014A - 0.622 3,826,969 2,378,645

105-AP 0.329 3,145,609 1,035,247

104-AN 0.973 3,024,479 2,941,880

105-AN 0.649 4,269,852 2,772,392

103-AN 0.789 3,546,854 2,798,393

Future DDSSF 0.156 30,282,640 4,713,889

Dilutes 0.02863 9,045,989 259,014

Pretreated 0.0472 61,164,750 2,889,253

Total 121,975,126 20,662,806

4.1.3 135Cesium Estimate Usage

The estimate of- "'Cs production given above as 84.7 Ci is greater than the
reported current activity of 59.2 Ci within the IDB (DOE 1991 [Table 2-17]).
Waste content of '5Cs is not described within the HDW-EIS. At this time, no
information has been identifie which would suggest that 13 5Cs has been
preferentially separated from Cs in.any Site operations (chemically
identical); thus reduction of either of these two estimates by any
referencable factor is not reasonable.

In reference to the two estimates derived or given above, it is recommended
that grouted waste inventory calculations use a base case not exceeding a
maximum 135Cs concentration applying the ORIGEN2 jnd analytically derived
estimate of 0.695 pCi/L. Sensitivity analyses may be pursued of 0.485 uCi/L
corresponding to IDB estimates of site inventory.

4.2 "Neptunium Estimation

An improved estimate of 2 7Np is sought in this section due to the minimal
data provided in reference information. Further complicating this estimate is
the ingrowth of 27Np from the alpha decay of 24'Am. This ingrowth is not
explicitly incorporated in the transport and dose codes to be used in
performance assessments, but the input may be manipulated to account for the
ingrowth of the americium as its half-life is only 432.7 years compared to the
neptunium half-life of 2.14 million years.
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4.2.1 Revision of 2 'Americium Estimates

The americium contained within the waste streams is the result of neutron
bombardment of fuel and the ingrowth from beta-decay of 4Pu. Under the
conditions of burnup described in §4.1, Hedengren and Goldberg (1987, page
117), provide a five year post-discharge yield of 42.43 Ci 241Am per metric
ton of fuel. Using a calculation in the form of Equation 4.1, Am content
f wastes decayed to October 1993, would be 105,256 Ci. The IDB estimate of
"'Am in all Hanford Double-Shell wastes decayed to October 1993 is 52,253 Ci
(DOE 1991).

The difficulty remains with estimation of realistic activities of the wastes.
As can be seen in Appendix Tables 3-1 through 3-5, 4-3, and 1-2, the overall
"DSSF Family* americium estimate of Table 4 is driven by one sample analysis
from Evaporator Campaign 84-3 (Certa 1985). If this analytical value of
11,400 uCi/L accurately represents both tanks 241-AN-104 and 241-AN-lO5, the
americium content of these tanks would be 83,155 Ci; clearly this activity, in
excess of ID8 estimates, is not reasonable. If the analytical value
represented only that portion of 241-AN-104 which has above been attributed
from Campaign 84-3, this portion of material would include 6,408 Ci of 24'Am.
This is a possible, but not highly realistic value.

Omstting the analytical americium datum of Campaign 84-3, no data is available
to consider for DSSF tanks 241-AN-104 and 241-AN-105. In the overall manner
of this document, the preferred method of estimation should be that of
bridging a data gap. Data may be bridged in this instance by choosing a
maxima or by interpolation based upon other parameters, such as is depicted in
Figure 3 of 53.0. Data does remain for other DSSF wastes, and may form a
basis for revising the estimate.

4.2.1.1 TRU Limitation in DSSF Waste

Waste feeds to the HGDP are limited by regulatory requirements to a maximum of
100 nanocuries of transuranic (TRU) material per gram of waste (Hendrickson
1991b). Given the denjilty of wastes contained within tanks 241-AN-104 and
241-AN-105, a maximum Am concentration within these wastes is 153 gCi/L.
Use of such a concentration is acceptable as a bounding value as these wastes
would require pretreatment for TRU removal were they any higher. The use of
this concentration is a factor of almost seventy-five below the analytically
reported values (see J4.2.1 and Appendix Table 1-2) of other DSSF wastes.

A summary of the estimate of overall 241Am to be received by the HGDP under
the assumption that 241-AN-104 and -105 are at their TRU limits is contained
in Table 7. These sources are ranked by expected contribution. It should be
noted that the volumes dez.ribed in Table 7 do not exactly equal those of
Table 6 as no americium estimate for NLA. pretreatment streams 13 are provided
in Lowe--1991); differences due to these small volume streams (0.37% of
pretreatment volumes) are neglected in further calculations of this section.

4-5

E.39



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528. Rev. 0

TABLE 7: 24'Amerilium Sources [Decay Date 10/01/82]

Source Am-241 (Ci/L) Volume (L) Am-241 (Cl) Mean (Ci/L)

NCAW 2AZ 3.20 E-04 3.50 E+06 1,118.53

DSSF 1.53 E-04 7.29 E+06 1,114.99
(4AN/5AN Max.)_

PFP 1.76 E-04 2.08 E+06 366.29

CC 3.05 E-06 3.90 E+07 119.08

NCAW 1AZ 3.39 E-05 3.49 E+06 118.28

D0SSF 8.96 E-07 3.03 E+07 27.14

DSS/DSSF 1.37 E-06 1.42 E+07 19.37
(not 4AN/5AN)

NCRW SAW 8.63 E-07 5.30 E+06 4.57

Dilutes 1.04 E-07 9.05 E+06 0.94

NCRW 3AW 9.96 E-08 7.57 E+06 0.75

Total 1.22 E+08 2,889.94 2.374 E-05

Decayed to 10/01/93 2.33 E-05

Note: This assumes that tanks 241-AN-104 and -105 are bounded in 21Am content
at 100 nCi/g. NCAW 2AZ concentration believed to be erroneously high.

Relative contributions of 24'Am from projected waste feeds for this assumption
are depicted in Figure 4. This image emphasizes the expectation that the vast
majority (>98%) of 241Am to be received in HGDP wastes is to be contained in
pretreated waste streams and assumed maxima within DSSF tanks 241-AN-104 and
241-AN-105. Such an estimate, in conjunction with the impacts of near-surface
disposal of this material, may be the basis for extended pretreatment to
remove additional transuranic material.

4.2.1.2 Concentration Factor Evaluation in DSSF Waste

Although a conservative bound for 24.Am content may be found in §4.2.1.1, it
is possible to use the observations depicted in Figure 3 to arrive at an
estimate of 'Am content in tanks 241-AN-104 and -105. Those concentrated
waste tanks for which reasonable americium data are available include tanks
241-AN-106, 241-AW-101, 241-AN-103, and an estimate based on processing of
241-AP-105. The temporary exclusion of dilute, future concentrate, and
pretreated wastes is necessary for this estimate as will be evident below.
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Figure 4: Distribution of Am-241 Sources to Grout (Assumes maximum
allowable in 4AN/5AN)

Back-decay of 24'Am data for these four concentrated waste tanks to 1982 and
comparing these data to waste sodium content, in the manner of Figure 3,
provides a linear regression characterized by Equation 4.2 with a correlation
coefficient of nearly 92%. This is considered a good fit and may allow global
estimation of 2"Am content based upon sodium content. Applying waste volumes
and sodium concentrations of the existent concentrated DSSF family wastes, one
arrives at a weighted mean sodium molarity of 9.87 mol/L.

Am-241 (±C.I/L) - 0.13867 * Na (M) + 0.16508 [Eq. 4.2]

Applying this sodium concentration to Equation 4.2 yields a mean estimate
1.533 /Ci 241Am/L for these 21.48 million liters (32.93 Ci). Continued
calculation in the manner of Table 7 results in an :verall estimated
concentration of 14.4 pCi/L.

of

As described above, dilute and future concentrate wastes were not considered
in the linear regression. The basis of this exclusion is that analytical data
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on those wastes do not support the above regression; in fact, Equation 4.2
would predict approximately twice as much americium than has been analytically
reported in the dilute wastes.

It is postulated that previous americium and cesium sources in the waste
streams to the DSTs have slowly decreased in content of these materials with
serial facility shutdowns. In this respect, the analytical estimates for
dilute and future concentrates as described above will be conservative.

Pretreated waste streams should not follow Equation 4.2 as it is the express
intent of such pretreatment to remove transuranic material. Thus, the
flowsheets (Lowe 1991) continue to provide the appropriate estimation basis
for these wastes.

4.2.1.3 Usage of 24'Americium Estimates

Revised estimates of americium content of HGDP waste feeds in 94.2.1.1 have
resulted in an expectation of a mean 21Am content of 23.32 uCi/L [decay date
10/01/93] over all wastes. This estimate is recommended as a base case when
applying such data. Three sensitivity case evaluations, each decayed to
10/01/93, of americium content beyond the base case are most well supported
as:

Case I: Linear regression of americium data relative to sodium
- content (Eq. 4-2) to describe existent concentrated DSSF

Family wastes while using remainder of base case; 1,757.9 Ci
(14.4 uCi/L), and

Case II: IDB basis; 52,253 Ci (428.4 pCi/L).
Case III: Production and decay, related to waste 'Cs content

[analogous to Eq. 4.1] for DSSF Family wastes plus
pretreated waste estimate; 105,256 Ci (863 pCi/L).

A case for estimation based on IDB less that pretreated material to be shipped
to the Hanford Waste Vitrification Project is untenable as the pretreatment
flowsheet estimates (Lowe 1991) of material fed, o pretreatment exceed 2'Am
estimates of the IDB by greater than one OM. The HDW-EIS (DOE 1987 [Table
5.47]) anticipated 17,000 Ci of 24Am in near-surface barriered disposal; this
activity, in view of the span of the above cases, is sufficiently close to
those cases that establishment of an another case for this estimate is not
considered necessary.

4.2.2 Revision of 27Neptunium Estimates

As described above, the neptunig contained withirghe waste streams is the
result of bombardment of fuel ( U - 6U - 23U A Np) and the ingrowth from
decay of 24 Pu and 41Am. Under the conditions of burnup described in §4.1,
Hedengren and Goldberg ( 199, pages 115 and 117), provide Jelds of 4,509 Ci
4Pu (43.78 g), 42.43 Ci Am (12.38 g), and 0.02213 Ci Np (31.40 g) per
metric ton of fuel five years after discharge.
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4.2.2.1 Production Estimation of "7Neptunium

As described above, it is obvious that a calculation in the form of Equation
4.1 and subsequent decay would yield an inordinately large estimate of the
neptunium and americium decay daughters of the plutonium. More simply, this
type of relationship would not be appropriate as the plytonium has been
extracted in fuel processing. Fractional retption of IPu in the waste
stream yields a negligible difference in tIe Np content as a result of
decay, thus an approximation of complete 4 Pu removal in fuel procegsing may
be used. In the manner of Equation 4.1, a prog19ction estimate of Np would

55.87 Ci which, with additional decay -fram ,$'n (assuming 100% yield of
Np), would yield a 1993 estimate of 55.88 Ci N---p.

4.2.2.2 Usage of 'Neptunium Estimates

A revised estimate, based on production, of neptunium content 3 f HGDP waste
feeds in §4.2.2.1, would result in the expectation of a mean Np content of
0.458 uCi/L. The IDB estimate of 45.1 Ci, would yield a mean of 0.37 gCi
2 7Np/L. As presented in Table 4, an analytically based estimate of content
would be 53.6 Ci with a mean concentration of 0.439 uCi/L.

It is recommended that the base case of waste evaluation, when such is applied
in long term dose assessments, remain that provided in Table 4. Two
sensitivity cases,*one of lower activity and one higher, may be supported with.
the IDB estimate and the expected production (§4.2.2.1) estimate,
respectively. As each of these sensitivity cases is within a factor of two of
the recommended base case, it is noted that inaccuracies or differences in
transport modeling may obviate any long term dose sensitivity due to such a
minor variance in waste activity.

4.3 226Radium Estimation

Radium-226 is produced within irradiated fuel and is a daughter of 230thorium.
Its radioactive daughters follow the decay chain of 226Ra - 22 ZRn - 21po . 214Pb
- 214Bi - 24Po - 210Pb - 08i - 210Po 20 Pb (stable), where the decays between,
and fwollowing, radon and lead-210 are rapid. Lead-210 is unstable but has a
much greater half-life than the intermediate daughters. A better estimate of
the content of 2'Ra in the waste is required as significant quantities of
26Ra may result in large dose consequences due to the decay of it and its
daughters over the period of the Performance Assessment.

The estimate of 22Ra given in Table 4 is derived from analyses of current
dilute waste tanks (see §3.1.1). Data reported from these wastes are "less-
than values (see Appendix Tables 2-1 through 2-6) resulting in an
extrapolated DSSF Family concentration of 1 25 uCi/L. Such an estimatL would
indicate expected disposal of 80,551 Ci of Ra in DSSF Family wastes. This
large estimate is not consistent with the absence of discussion of this
isotope within the IDB and the HOW-EIS.

4-9

E.43



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0

Lacking any other analytical data on this isotope, the waste content may again
be approximated in the manner of §4.1.2, basgg upon production. Hedengren and
Goldberg (1987) encompass the production of Ra within fuel irradiation.
However, due to the necessity to limit the publication of what was felt to be
extraneous data (many zeros woul be displayed and printed in the document if
a limiter had not been applied) Ra data is only displayed within tables of
thermai power rather than directly in tables of mass or activity. Table 19
(Hedengren and Goldberg 1987, page 120) provides the thermal power of 226Ra
five years after discharge to be 6.15 x '0 watt. Browne et al. (1986)
provide the delta of the alpha decay of 6Ra to Rn to be approximately 4.77
Mev/dis. Thus, the thermal power at that time may be calculated in terms of
activity as:

3.70E+10 dis
W - 4.77 Mev 1.60219E-06 erg 1E-07 Ws xs
Ci dis Mev erg Ci

2.8277E-02 ( )

) .15E-10 W 2

Ra-226( ).= - 2.175 E-0B ( -)
tonrle I 2.828E-02 W tonne

CJ

Ra-226 (Ci) - 2.175E-08 CI Ra-226 * 140,280,000 Ci Cs-137
8,184 Ci Cs-137

=3.73 E-04 Ci Ra-226

[Eq. 4.3]

[Eq. 4.4]

[Eq. 4.5]

Note that the 13Cs value of Egation'4.5 is not that developed for and used
in Equation 4.1. This higher Cs number is derived from two sources in
addition to that activity described in Table 6. The use of this higher value
is in part due to the acknowledgement that lack of data on pretreatment
flowsheets does not indicate thej bsence of a waste component. Explicitly,
waste sources have or will have Cs removed from the streams in processes
which do not effect the removal of other analytes.

Pretreated waste streams may be corrected for 37Cs content as an 11 year
back-decayed 13Cs estimate of material fed to pretreatment operations (Lowe
1991), thereby replacing the pretreated activity of 2.25 million curies of
Table 6 with 46.41 million curies.

Both pretreated wastes and general DST contents may be corrected due to cesium
scavenging in B Plant operations based upon cesium capsule content. This type
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of correction recognizes that material separated from jhe product capsules was
returned to single- and double-shell tanks. Current 1 Cs capsule content is
described within the IDS (DOE 1991) as 59.2 million curies decayed to December
31, 1991. Back-decaying this activity to October 1, 1982 yields an activity
of 73.21 million curies. Lacking determinate data on the destination of
specific fractions of these byproduct liquids, it is herein assumed that the
target analvte produced during the production of 73 mIllion Ci of 'Cs has
been entirely transferred into materials destined for near-surface disposal.

Open literature discussion of pertinent aspects of chemistry and chemical
separations of cladding and fuel are provided by Cotton (1989), Hodgson et al.
(1985), Swanson (1988), and GE (1955).

Thus, use of a summation of 140.28 million Ci value assumes that the target
isotope of this calculation is entirely deposited in grout waste.

This estimate of a total content of 3.73 x 10'1 Ci of 22 Ra is 9 OM lower than
the estimate guided by the analytical values reported. One must note,
however, that the analytical values reported were "less-than" values and were
reported as the detection limit for this isotope. In the above regards, the
recommended base case estimate for this isotope is 3.06 x 10' pCi/L,
corresponding to the ORIGEN2 calcuqation as applied above. A calculated 3Th
parent concentration of ?.,38 x 10 uCi/L should be included in the base case
for further ingrowth of 6Ra. With no further information available, no
sensitivity cases are recommended.

Although.caution may be advisable in the ORIGEN2 based estimate of 32 6Ra,
should ORIGEN2 errors result in actual activities several OM greater than
described, it is expected that such activities will remain of little
consequence in long term dose assessment.

4.4 129Iodine Estimation

Iodine-129 is a fission product within irradiated fuel. Its presence within
the waste feed is of potential concern due to its greater than 15 million year
half-life and expected mobility in soil systems.

Several estimates may be made of expectations of 12I concentration within
grout feed wastes. The IDS (DOE 1991 fTable 2-17]) estimates site inventory
to be 0.265 Ci. Calculations resulting in iodine concentrations described in
Table 4 would indicate that a total of 14.8 Ci 129 would be disposed.
Calculation in the form of Equation 4.5, using ORIGEN2 (Hedengren 1985 [Case
I, page 134]), would indicate production of 46.4 Cl. The HDW-EIS (DOE 1987
(Table 5.47]) indicated an expectation of no more than 34 Ci to be placed in
near-surface disposal.

Although it would obviously be beneficial to demonstrate that IDS estimates of
site inventory limit 129I disposition in grout wastes, the magnitude of
investigation required to substantiate such is not within the scope of this
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of correction recognizes that material separated from phe product capsules was
returned to single- and double-shell tanks. Current 1 Cs capsule content is
described within the IDB (DOE 1991) as 59.2 million curies decayed to December
31, 1991. Back-decaying this activity to October 1, 1982 yields an activity
of 73.21 million curies. Lacking determinate data on the destination of
specific fractions of these byproduct liquids, it is herein assumed that the
taroet analyte produced during the production of 73 million Ci of 'Cs has
been entirely transferred into materials destined for near-surface disposal.

Open literature discussion of pertinent aspects of chemistry and chemical
separations of cladding and fuel are provided by Cotton (1989), Hodgson et al.
(1985), Swanson (1988), and GE (1955).

Thus, use of a summation of 140.28 million Ci value assumes that the target
isotope of this calculation is entirely deposited in grout waste.

This estimate of a total content of 3.73 x 10-' Ci of 226Ra is 9 OM lower than
the estimate guided by the analytical values reported. One must note,
however, that the analytical values reported were "less-than" values and were
reported as the detection limit for this isotope. In the above regards, the
recommended base case estimate for this isotope is 3.06 x 10-6 UCi/L,
corresponding to the ORIGEN2 calct ation as applied above. A calculated 20Th
parent concentration of ?.38 x 10' pCi/L should be included in the base case
for further ingrowth of ORa. With no further information available, no
sensitivity cases are recommended.

Although caution may be advisable in the ORIGEN2 based estimate of 226Ra,
should ORIGEN2 errors result in actual activities several OM greater than
described, it is expected that such activities will remain of little
consequence in long term dose assessment.

4.4 129Iodine Estimation

Iodine-129 is a fission product within irradiatet fuel. Its presence within
the waste feed is of potential concern due to its greater than 15 million year
half-life and expected mobility in soil systems.

Several estimates may be made of expectations of 12I concentration within
grout feed wastes. The IDB (DOE 1991 [Table 2-17]) estimates site inventory
to be 0.265 Ci. Calculations resulting in iodine concentrations described in
Table 4 would indicate that a total of 14.8 Ci 1291 would be disposed.
Calculation in the form of Equation 4.5, using ORIGEN2 (Hedengren 1985 [Case
I, page 134]), would indicate production of 46.4 Ci. The HDW-EIS (DOE 1987
[Table 5.47]) indicated an expectation of no more than 34 Ci to be placed in
near-surface disposal.

Although it would obviously be beneficial to demonstrate that IDB estimates of
site inventory limit 1291 disposition in grout wastes, the magnitude of
investigation required to substantiate such is not within the scope of this
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document. Further, as this case is one wherein the disposal inventory would
be much smaller than the next lowest estimate, the application of any of the
other expressed estimates would bound such an impact analysis.

It is recommended that the base case of waste evaluation be that provided in
Table 4 of 0.122 uCi/L. Two sensitivity cases based upon ORIGEN2 and the HDW-
EIS are supportable with estimates of 0.381 pCi/L and 0.279 uCi/L,
respectively.

4.5 lZ6Tin Estimation

Tin-126 is a fission product within irradiated fuel. Its presence within the
waste feed is of potential concern due to its 100,000 year half-life and the
very short half-life (12.4 days) of its radioactive daughter '26Sb.

-126Sn-is-not-a typical analyte and is not described within Table 4 or the HOW-
EIS. The IDB (DOE 1991 [Table 2.17)) describes a tank inventory of 104 Ci.
Calculation in the manner of Equation 4.5 yields an estimate of 1,112 Ci based
upon ORIGEN2 data (Hedengren 1985 (Case I, page 133]).

The recommended base case in long term dose assessment is that of waste
concentrations of 9.12 uCi/L based upon production. A sensitivity case is
available as 0.853 uCi/L based upon IB inventory but is not highly
recommended.

4.6 "9Technetium Estimation

Technetium-99 is primarily generated as a fission product in irradiated fuel
and in activated cladding associated with irradiated fuel.' In addition, it is
generated from the decay of 99Mo. For the purposes of this document and
reality, complete molybdenum-99 decay occurs during fuel cooling. 99Tc is
again a concern in long term performance assessment due to its half-life of
213,000 years and potential mobility.

Table 4 estimates of "Tc disposal total to 6,311 Ci. The IOB (DOE 1991
[Table 2.171) describes tank inventories of 13,300 Ci. The HOW-EIS (DOE 1987
(Table 5.47]) envisioned near-surface disposal of 19,000 Ci. Production
estimates based upon Equation 4.5 yield 21,581 Ci. Technetium as an
activation product has been neglected from the above calculations as the
fission production outweighs activation by 6 OM (Hedengren 1985 and 1986).

In view of the proximity of Table 4 estimates (based upon waste analyses) to
production and pretreatment estimates, the recommended base case for waste
evue tion is that described in Table 4 of 51.74 pCi/L. Sensitivity cases for
evaluation-would bt 'hose of-production at-176.9 Cit/L and of 1DB inventory at
109 MCi/L.
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4.7 "Niobium Estimation

Niobium-94 present within irradiated fuel, cladding, and resultant waste is
primarily generated by neutron activation of 93Nb (stable) and fission. 9'Nb
retains a half-life of 20,000 years. A better estimate of waste content of
this isotope is required due to its relathely long half-life, calculated
concentrations (Table 4), and possible waste zone intrusion.

Table 4 DSSF Family estimates of "Nb are 43.3 uCi/L (2,634 Ci in that
volume). Thorough research of "Nb data reported from these wastes indicates
that these data are "less-than" values (see Appendix Tables 3-1 through 3-5
and 4-1 through 4-3 and their references). No information is provided in Lowe
(1991) on niobium-94 concentrations, however, application of Equation 4.5
provides an ORIGEN2 fission and activation production of 0.158 Ci. This small
estimate of "Nb may be the reason that this material is not described within
either the IDB (DOE 1991) or the HDW-EIS (DOE 1987).

-It is recommended that the base case of waste evaluation be that provided by
production as a mean concentration of 1.30 x 10-3 uCi/L. This case considers
analytical data (including "less-thans") and the relatively negligible
production estimate described above. As no further information is available
for consideration at this time, no sensitivity case is recommended in waste
evaluation.

4.8 "Selenium Estimation

Selenium-79, with a half-life of 65,'000 years, is generated by fission. A
better estimate of waste content of this isotope is required due to its
relative mobility and possible waste zone intrusion.

Table 4 DSSF Family estimates of 79Se are 3.03 pCi/L (185 Ci in that volume).
No information is provided in Lowe (1991) on selenium-79 concentrations,
however, application in the form of Equation 4.5 provides an ORIGEN2
production (Hedengren 1985 Page 126]) estimate of 644 Ci. IDB (DOE 1991
[Table 2.17]) estimates of Se in tanks total 65.8 Ci. The HDW-EIS (DOE 1987
[Table 5.47]) anticipated the placement of 260 Ci of "Se in near-surface
disposal.

The recommended base case of waste evaluation is that described by Table 4
estimates of 3.03 gCi/L. This base case is greater than possible sensitivity
cases of 0.54 uCi/L and 2.13 uCi/L based upon the IDB and HDW-EIS,
respectively, and lower than a sensitivity case of 5.28 uCi/L based upon

4.9 1Carbon Estimation

Carbon-14 present within irradiated fuel, cladding, and resultant waste isprimarily generated by neutron activation of natural carbon ( 2C and 13C)
present in fuel and cladding as impurities. 14C retains a half-life of 5,730
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years. A better estimate of waste content of this isotope is required due to
its expected concentrations (Table 4), and possible waste zone intrusion.

Table 4 estimates of "C including both analytical support for DSSF Family
wastes and pretreatment projections yield waste expectations of 2.00 uCi/L
(244-Ci in total volume). Applications of Equation 4.5 yield fission and
activation product (Hedengren 1985 and 1986) expectations of 347 Ci of 1C in
the waste to be received. IDB (DOE 1991) estimates of 14C in tanks total 569
Ci. The HDW-EIS (DOE 1987 [Table 5.47]) anticipated the placement of 2,300 Ci
of 1C in near-surface disposal.

Because of the analytical support provided for Table 4 estimates, the
recommended base case for waste evaluation remains that of Table 4.
Sensitivity cases available for evaluation are suggested based on production
and the IOB at concentrations of 2.84 sCi/L and 4.66 ACi/L, respectively.

4.10 23aUranium Estimation

Uranium-238 is present within irradiated and non-irradiated fuel due to its
abundance of approximately 99.1%. 28U has a half-life of approximateL 4.5 x
J09 years and undergoes alpha and beta decay along the pathway 23SaU - Th -

Pa - U - "0 Th. Decay of 20Th is described in §4.3, above. Due to the
long-term impact of this decay chain of long-lived materials leading to a
short-lived gaseous daughter, a better estimate of this material is sought.

Table 4 DSSF Family estimates of aU, based solely on analysis of tank 241-
AN-103 and dilute evaporator feeds, result in expectations that 4.8 Ci would
bedisposed with these wastes. Lowe (1991) does not describe estimates of
Z3oU in feed materials to pretreatment operations. The IOB descrfbes an
estimate of 0.945 Ci (-2,800 kg) present in tank wastes. The HOW-EIS
anticipated 20 Ci to be placed in near-surface disposal. Although a
substantially larger amount of nBU has been handled with the processing of
irradiated fuel, IDB and HOW-EIS estimates are imbedded with an assumption of
99% extraction of uranium and plutonium from irradiated-fuel (GE 1955). For
this reason, production estimates may not be made in the manner of §4.1.2.

Although only limited analytical data supports 3aU estimates in the vicinity
of that described by the IDB, the recommended base case for waste evaluation
is that of the analytical concentrations in 0SSF Family wastes (0.079 uCi/L).
A suggested sensitivity case is that of the ID at 7.75 x 10 uCi/L. At this
time no sensitivity case is suggested which would entail the OM increase
anticipated in the HDW-EIS.
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4.11 Special Estimate Summary

Table 8, below, contains a summary of recommendations for base case and
sensitivity case waste evaluations developed in §54.2 through 4.10. As
supported by the individual development of these special estimates, the
constituent concentrations of these recommended base and sensitivity case
estimates should replace or amend those displayed in Table 4 when such is used
in the evaluation of the waste or proposed disposal action. Described above,
the use of IDB and HDW-EIS estimates are not recommended within this document
as they have not be subjected to a comprehensive review nor have their
predictions been verified against actual sample data; as such, any such use
may only be considered for sensitivity cases.
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2 Production (-] Application of ORIGEN2 data to waste 1C content.
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TABLE 8: Special Estimates of Critical Isotopes

Isotope Recommended Recommendation. Sensitivity Case
Base Case Waste Basis Concentrations (uCi/L) and
Concentration Bases

(uCi/L) l'

24Am 23.3 Waste Analysis/ 14 Waste Analysis/Linear
Limited 4AN/5AN Regression 4AN/5AN

440 IB

860 Production2

23aU 0.08 Waste Analysis 0.01 IDB

2'Np 0.44 Waste Analysis 0.37 IOB

0.46 Production

20 Th 2.4 E-03 Production None

226 Ra 3 E-06 Production None

"Cs 0.69 Production 0.49 IDB -

129! 0.12 Waste Analysis 0.38 Production

0.28 HOW-EIS
12Sn 9.1 Production 0.85 IDB

"Tc 51.7 Waste Analysis 180 Production

110 IDB

'Nb 1.3 E-03 Production None
"Se 3.0 Waste Analysis 0.5 IDB

2.1 HDW-EIS

5.3 Production

1C 2.0 Waste Analysis 2.8 Production

L_ 1 _ _ 4.7 IDB
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C

Data Tabulatedas ldenfl.d

CONCENTRATED i of Do-
WASTES

4-3 4AN/ AN SAP N 1A

A f 31 FZ1-

j- 84-54 J Future
DDSBF

A 7 j-3 DSS/DSSF

DSSF
DILUTE S P Family 1-2WASTES

Dilutes EED i.

6AW Pretreated
2 - W a s t e s

.. .2AW

D*r=]* Seampling [-] Evaporationora N [

Q [a] Pretreatment

Figure A-1: Grout Feed Material Data Flowsheet.

Figure A-], comparable to Figure 2 of this document, provides the schematic of data flow
used in the calculation of inventory estimates of Sections 1.0 through 4.0. Table
references provided in Figure A-1 are correlated with the index to this Appendix and will
allow one to follow calculations where necessary.

Radiolytic decay dates are as noted on each table.
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TABLE 1-1: Dilute Waste Sumnary

Dilute Waste Analyses and Estimate,

Units: Moisrity: uClIL for radionuclide: othe, as noted

Anetytiesi Rernuit------ AW Etirnots- -- - 1- OveI 011we

Component 103AP 10MAWl 1AP MEAN S. Day. MEAN S. Dev.

Ag 3.71.-07 4.46.-OS 8.27.-06 3.150-0 9.23-G6 2.36-05 1.040-05 2.05-05

Al ,12-03 6.21-02 1.81.-02 1.07-C1 1.9602 2.84-02 4.76-02 4.50.-02

A. 6.44.-07 3.50-OSi 2.0t-05 1.37.-O 1.30.-OO 1.72-05 8.650-6 1.69.-05

Ba 4.73.-07 1.26.-OS 3-47.OS 8.38..M 6.72.-OS 6.28.-OB 6.13-0S 5.14.06

8.

B S.91.-05 5.91.-os

C. 6.4e-OS 2.73&-05

Cd 9.85..07 2.64.-05 3.56e-06 1.100-0 6.27-0 1.400-05 3.93.-06 1.23.-OS

C.

Cr 7.10.-OS 4.41.-04 2.05.-04 3.17.-04 1.73.-04 1.87*-04 2.19e-04 1.5e-04

Cu 3.09-0S 3.893-05

F. 1.49.-05 1.34.-03 5.65-4 8.12-05 4.10e-04 4.13-04 3.04.-04 6.09.-04

Mg 1.03e-o 5.21.-OS 2.49.-CS 0.22-08 2.16.-08 2.12"-CO 4.11-0 3.17.-08

K 1.11- 1 1.11 -01 -

La

U

Mo 2.97..05 4.36.-04 6.53.-04 2.20.-04 2.97.-04 2.76.-04 2.73-04 2.32e-04

Mn 4.74.-07 1.22.-04 1.77.-05 4.67.45 2.30.-OS 6.60.-OS 3.13.-OS 6.39.-05

Mo 6.12.-OS 6.12.-OS

Na 2.31.-01 1.73..00 7.30.-al 1.08 +00 6.27.-01 7.63.-al 7.71.-Ol 6.29.-Cl

Nd

NI 1.760-04 1.75.-04

P 2.29-03 2.25.-03

Pb 1.93*-06 2.11.-04 3.86-05 1.49.-04 4.36.-CS 1.110-04 7.75a-05 9.67.-OS

Pd

Sb

at 1.05.-07 1.04.-07 6.33a-0 4.30.-OS 8.77-O 2.38e-08 7.33@-08 3.08.-08

SI 4.400-04 4.40.-04

Sn

T.1.88.- 1.88.-Os

I L1.0-05 1.01.-05
g/L 1.54*-08 2.27.-02 1.1ls-08 7,29..03 1.6M.-O I
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TABLE 1-1 continued.

Dilute Weste Analye, and Estimt.s

Unit.: Molarity: uGCL Io ,dion clide: othE as noted

Analytical Results Etlmt. Analytical Or.I Dilute

Component 103AP 10MAW 102AW IGGAP MEAN S. Dfa. MEAN S. Dcv.

V

w

2A 4.ef06 1.5k0-03 l.40-04 6.04-C04 2.80.-04 9.77e-04 3.0le-04 7.17e-04

Zr 1.66- 6.65.-OS

CN- 2.290-05 7.63-OS 4.930-0 1.07-04 4..06-OS 2.67.-S0 6. 19e- 3.09-.05

S-2

NH4+ 2.7S*-CS .29-03 1.03e-2 4.97e-04 &.s*-= 4.23-03 4.20.-03 4 25e-03

NH3

CO3-2 2.060-02 2.06o-02

Ca. 1.40.03 I1.-e-02 1.3t.-02- it.51-2 1.36.-02 7.41.-03 Y.41.-02 659-03

F- &.81"3 3.4301 2.12-C1 4.12e-04 2.29-C1 1.69.-01 f.56.-1 1.67e.al

504-2 3.65e.03 3.Sda-02 2.43-C2 1.1503 1.62-C2 .62.-02 1.14s-02 1.66.-02

N03. 6.41"-2 5.79-Cl 2.28-C1 1.55.-Cl 1.97-C1 2.63-01 1.83.-Cl 2.25.-al

N02- 2.92,-2 2.00-Cl 6.59.02 1.12-C1 6.24.-2 9.89.-02 7.83e-02 7 94a-02

P04-3 1.46-O3 7.67.-03 1.4-03 2.2803 2.40.03 3.49e-03 2.364-03 2.93.-03

OH- .99m-02 5.88-Cl 1.70-01 6.76.-C1 1.086-01 2.68.01 4.09s-01 3,69.-l

TOC g1L. 1.12-1 1.05.+00 4.9la-0l S.10-01 3.67.-01 4.70-01 4.27-01 3.84a-OI

TIC gL 5.1401 2.36.+00 8.42.-01 1.20.+00 8.83.-01 9.86.-al 9.85.-at 8.04.-Ol

SPG 1.00.+00 1.09.+00 1.03.00 1.03.+00 1.02e.+00 4.27-02 1.03..+00 3.51.-02

TOtSoIde

PH

3 5.24e+00 1.20e+0l 5.68.+00 7.10".-1 6.28.+00 3.78.+00 4.49..00 4 64.+00

14C 4.47e-03 7.4702 2.70,02 1.9602 4.97.-02 2.20.-02 3.59.-02

54Mn

S9Mn

60Ca 1.06e.01 6-37.+00 6.64.+00 3.00s.00 &.02.+00 2.89.+00 
6

.40e+00 3.16.+00

79Se 1.12-C2 9.-C2 4.80-02 24.54-02 3.27e-02 1.93.-02

90S, 2.62e+00 2.91W+01 4.53.+01 4.20*+03 2.37+O1 2.16.+01 1.37.+03 2.09 1

94Nb 9.316+00 7.38.+00 5.51.+00 &800+00 7.40e+00 1.90e+00 7.27.+00 1.58+o

9SNb e-67.+00 8.67.+00 0.67.+00

99To 1.08.+00 1.68m.01 1.50.+01 4.47.+00 1.11+Ol 7.86e+00 5.60+00

103Ru 2.10.+01 2.10.+01

lOEAufh 2.66.02 4.89o.02 3.98.+02 13.70+02 3.49.+02 1.12@+02 3.56.+02 9.18.+l
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TABLE 1-1 continued.

Diute Waste Analysts and Estimates

Unit.: MolaInty; uCI/L fo, radlonuclidS; others as noted

Analytical Results Estimat. Analytical Osral Dute

Comwonent 103AP 106AW 102AW IOSAP MEAN S.Dev. MEAN S. Day.

113Sn 2.3B+01 5.02o+01 2.80+01 2.9.+01 1.42.+1 2.Ik+1 1.42e+01

129t 3.19-02 4.244-02 3.00-02 3.41 "2 7.464-03 3.28f-02 6.69-03

134C 1.05.+01 3.97.+02 1.75k+02 1.60&+02 1.27.+02 1.M*+02 1.35*+02 1.60e.02

137C. 6.S4.+03 5.07.+04 1.52.+04 3.f0l+04 1.57.04 2.34.+04 2.22o+04 2.00o.04

144C.Pr 1.33.02 2.72.+02 1.54.+02 1.5%.+02 7.47.+01 1.59.+02 7.47.+01

154Eu 2.80.01 1.61.+01 2.17.+01 4.07.+01 5.97.+00 4.07.+01 S.97..00

1SSEu 4.37s.01 6.8e+01 4.23e.01 4.63.+01 1.50+01 4.63*+01 1.50.+01

226R, 1.44.+02 7.76.+01 3.37.+02 2.15@+02 1.35.02 2.15s.02 1.35a.02

234U 6.52"43 9.25."3 4.17.03 1.93.-03 4.17.-03 1.93.-03

235U 3.39*-04 9.21e-04 2.72e-04 4.11.-04 2.72-04 4.1Ie-04

23BU 1.26e-03 3.02"-3 9.59.-04 1.24-03 9.598-04 1.24.-03

237ND 3.10.-04 3.10 -04

23SPu 1.00-01 1.00.-01

239/24OPu 6.9i.-03 S.89.-02 3.61.041 1.10.-Ol 1.6501 1.8401 1.44-1 1.52"-1

241Am 1. 14-02 2. 1S-02 2.57.4l 1.20.-01 1.14-01 1.39-01 1.03.-01 1.14..01

242Cm

243Cm

244Cm 6.60-03 6.60.-03

TB .6*+04 1.56.+04 .+04

AT 1.86.+00 1.86.+00 1.860+00

VoIum. L 4.16..06 1.15s.06 375+06 4.29+06 2..06 + 06

Notes:

E.62

Where no values are displayed for an analyte in a tank, the mean for that
analyte across the tanks is calculated as the weighted (volume) mean of those
reported.
Less-than values calculated as real values.
Not decayed: Decay date assumed to be October 1, 1993.
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TABLE 1-2: DSSF Family Waste Sumoary

0SSF Family Wais. Dac.ad go 10101193

Unit.: M1arit; uCI/L lot radloucld..; olh.. a. notad I NOT Docayed I

Waite Tank Tank Tank Tank Told Tank ruling Requiaed Total ConcWast.

Componant 106-AN 101-AW 105-A? t04-AN 10-A.N 103-AN OOSSF Diktas Fimily Sid. 0ev.

Ag 337e-O5 3.00,.04 2.W.a-04 1.48.-04 7.10.-05 1.84406 B.90e-S 1.14e-04

Al 3.44.01 1.03.+00 1.60-01 1.39-+00 1.74a+00 2.13,+00 1504-01 4.76-02 4.92-Cl 7.77-01

As 9.61.-07 1.33.-07 8.58.-OS 2.14.-03 1.00e-04 8.85.-06 2.00s-04 1.07-03

a

Ba 8.08.-0 6.8000 436.-05 1.17.-04 4.40e-0 6.13e-06 4.66o-06 3044-06

Ba 1.78.-03 1.78e-03

8 8.94e-04 5.78. 04 3.70.-04 2.30-04 6.91-0 3.134-04 2.08.-04

Ca 2.26.,03 8.26e-04 1.08.-03 2.164-03 2.73e-0 4.24* 04 7.30.04

Cd 4.41e-04 1.080.-O 6.92-06 1.42.-04 4.06.06 3.93-08 6.46.-05 2.04-4

Cat

Cr 1.08.-02 3.09.-03 3.32.-03 1 30,-02 1 30*-02 1.630-02 1.33-03 2.111-04 4.23*-03 5.49.-03

Cu 5.90-0 381.-04 2.42e04 1.89.04 3.89e-05 1.49e-04 1.33a-04

Fe 1.24.-04 7,86-04 2.00.04 2.00.04 200.-04 1.26-03 3.15e-03 3.04@-04 1.76-03 4.61.-04

Hg 2.49.-07 7, 8 2a-07 4,99.07 7.98.-0 1.66-07 4.11.-00 5.490-08 3.96-OS

K 2.76.-02 1.07.+00 857.-l 1.83a-01 1.57001 3.89.-01 1.11-01 3.44-01 4.21e-01

La

U

Mg 1.14.04 2,16.03 4 95.04 1.18.03 2.19.-3 2.73.-04 1.61.-03 0.96-04

Mn 1.01.-03 4.76.04 306.04 5.24.-04 1.17.04 3.13.-OS 2.62-04 3.04.-04

Mo 6.94.04 6.00.-04 38604 9,17.04 . O.12a-OS 4.24.04 2.20.04

No 393.+00 1.00. +01 6.35..00 1.20..01 1.20..01 146a.01 4.82. +00 7.71.-01 6.00*00 398.+00

lid

Ni 2 15.-03 4.09o.04 1.75.04 6.2Z.-04 1.23.-03

A-6
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TABLE 1-2 continued.

m1

DSSF Family Weste. Decayed to 1010193 1 1 1

Units: Molarity; uCi/L for radionuclides; other. at noted I NOT Decayed I

West, Trnk Tank Tank Tank Tank Tank Future Required Total ConcWeste

Component 106-AN 101-AW 105-AP 104-AN 105-AN 103AN DOSSF Dilute. Femly Std. DCev.

P 1 97."1 1.43.-02 2.260.-03 4.98*-02 129e-01

Pb 2.22-03 146.03 9.33.04 3.4704 3.35.04 7.75*.05 5.37.-04 7.96.-04

Pd

Sb 1.31.-03 t.31,13

S. 1.70.-06 4.20.07 2.73a 07 2.63-03 6.74.-07 7.33@.08 1.76e-04 1.32-03

si 4.36.-03 3.53.03 9.680-03 4.400-04 3.38.-03 3.34e-03

Sn

Ta 7.18-07 1.0%.s05 1.36.-05

Ti 7.33.05 1.80-05 6.38.-OS 3.34.04 1.01.-05 8.14-05 1.29e-04

Si/l 1.68.-05 9.39.04 606. 04 6.18-04 9.08.-08 7.29.-3 1.37s-03 3.81e-04

V 3.14-04 3.140-04

W - 1.13.-03 1.13#-03

Zn 1.44s-04 4.84@-03 1.16.-03 7.34.-04 2.00-03 339-04 9.66-03 2.12-03

Zr 3.05.04 1.64.-04 3.59-04 2.63.-04 6.656-01 2.500-04 1.2g9-04

CN- 2.31e-04 1.03.-03 6,65.04 1.29.-03 3.12.04 6.19-05 4.0404 4.61-04

S-2

NH4+ 7.22e-03 1.45-02 2,34o-03 6.20-03 4.20-O3 6.12o-03

NH3 6.99r-03 2.00a-02 2.03.-02 9.20-03

C03-2 3,27-OI 2.05.-al 2.53.-01 4.72.01 3.63.01 1.49.01 2.06002 2.12.4? 1.179-01

C- 6.94*.02 1.46e01 7.28.02 2.12-01 2.40.-Ol 2.71e-01 1.05.01 1.419-42 1.150-01 8.60-02

F- 3.24e-O3 4.02.03 1.30.01 3.87.02 1.76.+00 1.56-01 1.03.+00 5.96.-02

504-2 2.24e-02 1.07.02 2.48e-02 6.82.02 6.82.02 167.02 1.25-01 I14e-O2 7.63.-02 2.60.,02

NO- 1.09.+00 3.46.+00 2.66.+00 3.10.+00 3.12. 00 254,+00 1.51.+ 00 1-83-01 1.72+00 I.40.-01



WHC-SD-WM-TI-528, Rev. / - -4

TABLE 1-2 continued.

DSSF amily Watt. D..ayed to 10101/93

Units: Molarity; uCl/L to, radion.uclid..; ches, a. noted I NOT Decayed I

W't. Tank Tank Tank Tank Tank Tank F0ur0 Rqukrd Total ConcWaste

Component 106-AN 101-AW lOS-AP 104-AN 105-AN t03-AN DOSSF Ditaes Fealy Std. Dfv,

N02- 6.44.01 2.19+00 t.094t+00 192.+00 2.61.+00 2.96,+00 4.60.-C1 7.83-02 9.37.-01 8.96.-Ol

P04-3 1.94.-01 2.22.-a2 1.62.-02 2.94-02 2.0010,2 9.77.03 1.85.-02 2.360-03 2.08.-02 7.14.02

a"- 4.74.-l 6.07.+00 463.400 4.09St00 3.64e+00 5.74e+00 1.43a+00 4.01e-01 2.16e+00 1.65.+00

TOC/L 326.#00 2460*00 392.+00 6.53.+03 4.66*+01 8.13-01 2.9+O 4.27.-01 6.16.+00 2.61.+01

TiCG/L 246.+00 6.79+00 9.8ke-01 6.191204

SPG 1.23 1.56 1.347377 1.499809 1.503333 1.6 1.26*+00 1.03.+00 1.2906 1.40.-Ol

TotSolide

pH 13.5 33.6 13.5

314 2.680+00 6.90*+00 7.40.+00 2.44,*00 6.49.+00 4.49@+00 5.07e+00 2,44*+0O

14C 3.35-01 3.70-Cl 2.38e-l 2.06, *00 1.616-01 2.20@-02 2.66"-1 5.44.-Cl

54Mn

59Mn

GOC. 6.30.400 34.401 I.04..0I * 1.20.+01 + .37*+01 S.40*+&O 3.91+Ol 6.92.+00

63NI

79S. 2.40.01 4.00.01 3.06*01 4.30. *01 1.96-01 3.27.-02 3.03@+00 2.13.+01

90s, 2.01*03 101t03 1.90.#02 984.+03 3,23.+03 1.05,*04 1.82.+02 1.37.+03 9.82.+03 4.55.+03

94Nb 2.30.+01 6.82.+0I 4.35a *01 7.10..00 .76.01 7.27a+00 4.33e+03 2.64.+03

951, 6.67.+01 8.67a+00 5.344+01

99TC 6.92.+01 152.+02 1.79.#01 1370. 02 3.44.+0l 7.86.+00 4.67a+03 7.14.+03

103Ru 1.62o+02 2.106+01 1.29e02

106Au.Rh 6.785+03 418.+02 990..01 .73e-01 2.60o+03 3.564.02 *.62.+03 1.86.+02

[_-I, 2 22.+02 2.89e+01 1.71.+02

1291 7.50.02 303.01 4 18. 02 5.20e0 2.63.01 328.02 2.16.-Cl 2.23a.01

A-8
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TABLE 1-2 continued.

- DSSF Family Wast.. Decayed to I 10/01193

Urits; Molarity; uCi/L lo ,ad nuclid..; oite s "a noted I NOT Deccyad I

! Wat. Tank Tank Tank Tank Tank Tank Futur. Raeluked Total ConcWast.

Component 106-AN 101-AW 105-AP 104-AN 105-AN 103-AN DOSSF DutAe Famiy Std. Da.

I34C. 6.33.+00 6.20.+02 5.25.+02 7.20.+01 7.20.+01 575.+00 9.80.402 1.35.+02 6.77a+02 2.52e+02

137Cm l1.85+05 4.3.405 2.56e.+05 766.+S 6.04.+06 6.13a+05 1.21.+OS 2.22*+04 2.27o+05 2.15.+0S

114C.Pr 1.22.+03 1.59.+02 9.10402

154Eu 3.13.+02 4.07.+01 2.51e+02

155Eu 3.56.+02 4.63*+0I 2.95*+02

226Ra 1.66e+03 2.15o+02 1.32e+03

234U 5.30.-02 3.21.-02 4.17-03 3.37e-01

23SU 1.10.03 2.10o-03 2.72.04 1.970-02

238U 1.40e02 7.380-03 9.59-04 7.94s.02

2,17Np 2.11.00 2.16+00 1.39.+00 2.0002 3.10@-04 1.810-01 9.9s.-Ol

238Pu 1.03*02 3.67.-02 9.14.-Cl 1.00.-01 2.23-Ol 6.12.-Cl

239/240Pu 3.76-1 1.14400 4.2P.-02 1.04a401 1.04.+01 1.900+00 1.27.+00 1.44-01 2.00+00 5.03@+00

241Am 6.02-01 1.20+00 1.33.400 1.12s+04 1.12.+04 2.27+00 10.00-01 1.03.-Cl 1.35*+03 5.80e+03

242Cm

2113Cm 4.23*.02 4.94.-l 3.07.02 4.14e-02 0.42-03

244Cm . 3.00.-O 6.60.-03 6.92.02

TB 1.560+04 1.56o+04

ATF 1.860+00 1.86t+00

Volume. L 3667985 3826969 3145609 3024479 4269852 3546854 30282640 3045989 6010376

Where no values are displayed for an analyte in a tank, the mean for that analyte across the
tanks is calculated as the weighted (volume).mean of those reported.
Less-than values calculated as real values. NH,* and NH3 jointly summarized as NH3 In overall summary.
Concentrate waste standard deviation is calculated using the first six tank data columns.

A-9
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TABLE 1-3: OSSF Family Radiolytic Heat Loading

13lCamb, Host Equivalnt.s - calc by parent conoentralion

Heat Iuly. CI 100-AN 101-AW 105AP 104-AN lOS-AN 103-AN DDSSF D6,00 Total
137C. 0la/Cil

60Co 3.1984 16.31067 62.17139 33.35944 0 0 38.24546 197.2573 20.48269 126.1419

90SY 1.3967 2001.698 1403 93 265.7268 13739.06 4501432 14726.26 264.4167 1909.786 2640.417

106Ru8h 2.0004 136.5683 836.4356 197.9927 0 0 0.34675 5366.679 711.3283 3237.727

134C@ 2.1113 11.25261 1097.556 1109.116 152.0717 152.0717 12.13998 2068.492 284.2719 1218.438

137Cm.a 1 185096.5 482172.2 255627.1 756513.2 1043236 812820.1 120907.6 22239.97 227020

44CcPt 3.6624 0 00 0 0 0 2035.712 264.1426 1628.348

Total 188061.3 486171.3 257233.3 769404.3 508:9821 627697.1 130830 25429.48 235770.1

Heat Load Raio

%Volumaleedradol 100.0% 75.2% 100.0% 46.6% 11.0% 57.5% 100.0%

Rqd Dilut. I, blending ILI 0 1263663 0 3471848 1691101 2619377 0

Decay Date - 10/01/93.

Radiolytic heat loadin is a calculation of the heat released to the waste through high energy
radiolytic decay. A " CsmBa heat equivalent" is defined as the ratio of heat provided by one
crie of the referenced decay chain relative to the heat released from the decay of one curie of
1 Cs and its high energy daughter '31mBa. The basis for these calculations is provided in
Hendrickson (1991a). These calculations result in evaluation of maximum feed fraction of each
waste blended with dilute waste while complying with acceptance criteria for heat loading
(Hendrickson, 1991b). A %Volume of 100% indicates that material may be fed without dilution.

A-10
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TABLE 1-4: Pretreatment Waste Sunmary

Pre irninry P,.ttmt Mataral bSlanc.. (WKC-SD-WM-TI-492)

Unt.: Molarity: uCi/L for rdionuclide: oth.'r, it oted

r INOW in. addtioni1 PUREX Opel Total

Waste NCAW Str. 12 NCAW SU. 13 So.'-- 27 PFP Wait. CC West* Men

Component AZ 101 AZ 102 AZ 101 AZ 102 103-AW Iufi-AW IB.asd on SM N.)

Ag 1.20-O3 4.08.-0

Al 4.38-0 4.99-01 3.W.-02 3A2-02 4.20s-02 1.66-02 6.56-01 .11-01 4.05.-0

A. 6.0003 1.97.-0

0.40.-03 9.70-O3 1.200-02 1.69.-03 3.37.-0

Ba 2.80s-04 2.40o-04 9.75.-OS 1.18.-0

B.

Ca 2.10.-03 3.00.-03 1.10-C1 4.77-03 7.30e-0

Cd 4.700-03 1 60.-a

C. 2.10.-O5 2.20-OS 4.10-03 1.44e-0

C, 1.05*-02 8.75.-03 7.60.-03 2.70.03 2.70-01 1.22-02 1.92.-0

Cu 1.20.-02 4.08.-0

F. 4.40-OS 1.1.-04 1.90.-03 .80-03 2.00-1 1.28o-02 1.80-0

fig

K 1.92.-01 1.44-Cl t.68-01 1.26-al 1.20-C1 8.0O.-02 5.8Oe-02 2.04.-02 566.-a

La 4.70.-04 6.600-04 1.15.-0

SO2.000-03 6.81e-a

Mg 1.10-O3 1.30-03 4.90e-02 3.34.-03 4.05.-0

Mn 6.80.-05 3.00&-03 1.00.01 5.27e-03 7.03e-0

Mo - - - 3.20.-OS - 3.40-OS 6.80-04 1.30.-03 8.54.-0

Na 5.00.+00 5.000.00 5.00.+00 S.00..00 5..01+00 5.02..00 5.00.-0O 5.00.+00 5.000+0

Nd 2.40.-04 3.400-04 1.80.-03 1.20e-0

Ni 4.40-04 6.30.-04 6.80-03 2.49.-03 1.899-0

P

Pb 3.60"3 1.19.-0

Pd

Sb 1.80-03 6.1a.-O

So 1-M0o-02 6.13e-0

Si 3.70.02 3.706-02 2.90,02 8.77e.0

Sn

Ta

Ti 1.90.-04 1.70.-04 1.80-03 995.

A-11 -
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WHC-SD-WM-TI-528, Rev, 0
TABLE 1-4 continued.

Prliminary Pretretmnhnt Matenral Qtnces IWIC-SD-WM-TI-4921

Units: Molanty; uCIIL for radionucdes: otMe. as noted

Wast. NCAW St. 12 NCAW Str. 13

NCRW (no additional PUREX Oval

Stram 27 PFP Wate CC Waste

Total

Mean

Cowoanent AZ 101 AZ 102 AZ 101 AZ 102 103-AW lOS-AW Il8.ed on SM Net

UqJL _ 1.400+00 2.194+00 7.74.+00 t.59-03 4.24.-0

V

W

Zn 9.70&.06 3.80.-04 4.10.03 3.970-04 4.08,0

Zr 2.90-05 1.20-051 2.40.-O1 2.400-01 2.3003 4.97.-04 5.0g.-a

CN.

5-2

NM4+

NH3 -1.40-42 2.60o-02 3.99.-O

C03-2 _3.30901 1.120-0

C- &.04.03 3.70.03 1.10-01 7.8802 5.51.-0

F. 1.6%-+00 1.87.00 2.20-01 5.22.-02 3.95e-0

S04-2* 1.43.-01 2.1901 5.00.-04 70.03 7.2002 6.81-02 6.70e-O

N03- 1.5&+00 1.80e+00 3.73s.00 4.09e+ 00 7.40t01 7.70.-01 3.50.+00 5.13.+00 3.76.+0

N02- 4.1001 4.4801 1.2002 .1.3102 3.6002 2.20-02 5.50.-l 7.42.-0

P04-3 2.3702 3.21.-03 4.40a,01 2.83-02 3.46e-0

OH- 1.29e+00 8.80.-Cl 2.604,01 2.90.-01 6.50.-Cl 1 55.-0

TOC g/L 6.20,-02 3.540-0

TIC glL

SPG 1.48 1.47 1.43

TotSolids

311

14C 1.70o.01 4.48.+0I 5.9001 6.50.-0I 1.50.+00 3.71.-

54Mn

60. .008.01 6.100+01 1.20.+02 1.56..O

63N 3.0.+03 1.19.+0

79S.

90s, 1.53.+03 2.91.03 2.20.+03 2 +.4+03 5.80*+04 3.32e+04 2.39.+0

94Nb

9SNb 2.40.+04 6.00..03 3.49.0

99TC 2.24o+02 5.92..02 4.30..00 4.70.+00 2.10.+02 5.47..0

A-12 E.69
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WHC-SD-WM-TI-528, Rev. 0
TABLE 1-4 continued.

Praiminary NPtr.atment Materal Baiance (WHC-SD-WM-TI-492)

Unit.: Moladty: uClIL for ,adIonucudfl; othG as noted

NCAW In addItIonal PUREX Opel Total

Wan. NCAW Str. 12 NCAW St. 13 1ssat 27 PFP Waste CC Waste Man

Component AZ 101 AZ 102 AZ 101 AZ 102 103-AW I15-AW (Beand on SM Na)

1O3Ru

IDRURh 1.26.+03 5.35.+03 9.40@+03 6.60.+03 1.20,+03 2.07.+0

11 3Sn

1291 6.3e-02 1.7801 1.10*42 1.20-02 2.90w- 2.610-0

134Cs 3.00+02 2.60+02 7.30,+01 6.21e.0

137C, 4.75o+04 1.36*+OS 1.71.+06 4.89+06 1.50.+04 1.10.+04 1.500+05 9.72o+03 3.67..0

144C.Pr 1.20.+04 6.90.+03 1.20o+03 2.12..0

- 14Eu 9.30.+00 6.90.+01 1.20o+03 4.79a+0

155E. 1.100+01 8.00.+01 1.20.+03 4.91.+0

226Ra

234U

235U

238U

237Np 8.51-O3 2.90.-0

238Pu 2.71o-Cl 8.30.-01 9.1-02 2.29.-al 9,41.-0

239I240Pu 1.87.C00 303.+00 1.15.+00 1.97.+00 4.90a+01 1.28,+00 3.08e+0

241Am 3.33.+01 3.14.+02 9. 7 99-02 6.411-01 1.73.+02 3.00s.00 2.78..0

242Cm

243 Cm

244Cm 4.866-01 1.6se-0

TB

AT

Voltm. L 3.49.+06 3.60.+06 1.12e+05 1.12.+05 7.57.+06 5.30.+06 2.08.+06 3.90s.07 6.12..0

Additional analyt. de.cnbed to, thS.. weste

952, 1.20e.+04 2.80.+03 1.73.+0

125Sb 2.50e+03 2.20a+03 1.20.+03 5.41..+

152Eu 1.20.+02 4.08.+0

241Pu 1.69..01 4.51.+01 1.47.+01 4.08.+01 890.+0

242Pu 2 2De5 c 1.499-04 1.57.

Note: Not Decayed. Decay date assumed as October 1, 1993.

A- 13E. 70
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TABLE 2-1: 241-AP-103 Validated Analysis Data

Tank I03AP Analyses SeLmple.

17-D.c-I 1 < 933 934 935 936 937 941 942 943 944 945 949

Component Unit. MW Comp

Ag ppm 107.8a8 < 0.04 0 04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

Al ppm 26,98154 102 76 307 103 230 269 660 104 171 550

A. ppm 74.9216 0052 0.035 0.055 0.0445 0.049 0.039 0.004 0.028 0.035 0.061

0 ppm 10.81

B ppm 137.33 < 0.065 0.065 0.065 0.065 0065 0.066 0.065 0.066 0.065 0.065

so ppm 9.012110

8) ppm 208.9804

Ca ppm 40.018

Cd ppm 112.41 0,0715 0048 0.133 0.0645 0.124 0.126 0.183 0.081 0.097 0.18

Ca ppm 140.12

ppm 51.99d 3.535 205 4.87 3.38 4.48 4.86 6.6 0.363 0.416 6.4

Cu ppm 63.546

F. ppm 65.847 < 0,435 0,481 0.98 0.435 0.435 1.355 2.67 0.83 0.435 0.435

Hg ppm 200.59 < 00017 00017 0.0017 0.0017 0.0017 0.002 0.006 0.002 0.002

K ppm 39.0963

L, ppm 138.9055

I ppm 6.941

Mg ppm 24.305 < 1.085 1.03 1.53 1.15 1.14 0.255 0.256 0.255 0.255 0.255

Mn ppm 54.930 < 0.015 0015 0.055 0.015 0015 0.062 0.034 0.015 0.016 0.023

Mo ppm 95,94

N. ppm 22-96977 3665 2320 2460 3820 2050 6540 11700 3700 4870 12000

Nd ppm 144 24

Ni ppm 58.7

30 97376
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TABLE 2-1 continued.

I,,

A-15

Tank 103AP Analysat Sa.l1

17Dec91 < 933 934 935 936 937 941 942 943 544 945 949

CopUnit. MW Comp

Pb ppm 207.2 < 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4

Pd ppm 106.4

Sb ppm 121.75

S. ppm 76.96 < 0.02 0.005 0.00 0.00 0.005 0.02 0.007 0.006 0.005 0.006

Si ppm 28.065

Sn ppm 118.69

T. ppm 180.9479

TI ppm 47.9

U OgL 238.029 0.00369

V ppm 60.9415

W ppm 1e3.5

Zn ppm 65.38 < 0.0335 0.02 1.21 0.55 0.221 0.048 0.309 0.02 0.02 0.309

Z, ppm 91.22

CN. ppm 26.0177 < lI 0.495 0.84 0.469 0.527 0.05 0.61 0.511 0.662 0.61

S-2 ppm 32.06

NH4+ M 10.0383 < 0.0025 0.00125 0.0019 0.00125 0.00125 0.005 0.005 0 006 70-04 0.004

NH3 M 17.0304

C03 2 M 60.0092

CI. ppm 35.453 36.55 34.5 49.8 31 17.6 51.1 92.9 38.3 39.8 103

V. ppm 18.9964 61.15 88.2 178 60.3 54.1 129.5 305 60.6 96.4 260

504-2 ppm 96.0576 451.5 502 318 414 196 395.5 162 418 482 163

N03- ppm 63.0049 1600 2060 3500 1720 3250 4480 9440 1620 2650 9790

NO2- ppm 46.0055 1135 983 1380 1130 1260 1265 1700 1120 1200 1810

P04-3 ppm 94.97136 127 147 151 121 135 137 149 112 134 168

0
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TABLE 2-1 continued.

Tank 103AP Analy... Sample

I iDac-S1 < 933 934 935 936 93. 941 942 943 944 945 949

Coimponant Units MW Comp

Oil- M 17.0073 0.0321 0 05 0.111 0.0668 0.0882 0.050 0.207 8.-04 0.058 0.197

TOC giL 12.011 0.1095 0.16 0.13 0.12 0IS 0091 0.091 0088 0. 0,091

TIC g/L 12.011 0.544 049 0.622 0.43 0.46 0.44) 0.65 0.53 0.644 0.512

SPG gimL 0.9976 1.008 1.02 1.002 1017 0996 1.004 0992 0994 1.006

TotSold. wt%

pH

all uCiit 6.24

14C uClJL 0.00447

54M. uCi/L

S9Mn oil

60Co uCiL -t 12 9.46

63NI mCUL

79Sa UCl/I 0.01115

90S, uCiL 2.62

94Nb .Ci/L < 5.31

95Nb uC/L < 9.3 8.045

99Tc mCilL. 1.08

103Ru CiL

106uRh mCI/ 340 192

113S. maCi/L< 30 17.6

1291 mCilL <0.03 15

134C. mCOlL C 13 104 9.69 994 8.32 10.32 9.43 9.17 8062 11.3 9.51

137C. 6700 7200 5800 7020 6590 6415 8500 6930 4230 6010

144CeP, mC./I 170 9565

A-16
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TABLE 2-1 continued.

Tank 103AP Analy.e. Sample

17D.c91 < 933 934 935 936 937 941 942 943 944 945 949

Componant Units MW Comp

/4Eu UCI/< < 22 32 32 25.9S

55Eu uCi/L < 83.6 52.1 40.3 50 50.2 26 22 47.4 32 25.35

;26Ra uCi/L < 43 244

?34U uCi/L 0.00652

235U iCi/L 0.00034

238U uCi/L 0.00126

237Np uCI/L

238Pu uCi/L

239/240Pu UC/I < 0.00697

;41Am uClt <, 0.01135

24 2Cm uICI/

2-43Cm uCIIL-

244Cm UCIIIL

TB UCI/L

AT oGACt/

+-

A-17
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(1.47

TABLE 2-2: 241-AW-106 Validated Analysis Data

Tank 106AW Analys. Sampil
20

-Sap,
9  

< 318 319 320 326 322 326 327 328 329 330 348

Cpnant UnItS MW Ca

Ag p. a 107.868 <8 2.28 7.44 4.8 4.8 4.8 4.8 4.8 4.8 4.0 4,0

Al ppm 26.98154 R 1450 1060 1360 f30 972 139S 4970 1400 1380 1400

ppm 74.9216 2.456 2 33 2.37 2.69 2.62 2.48 4.14 2.49 2.35 2.41

8 ppm 10.81

5. ppm 137.33 <R 1.07 1.8 1.8 o8 8 1.8 1.6 1.8 1.8 1.0

5. ppm 9.01216

bi ppm 208.9804

C. ppm 40.08

Cd ppm 112.41 <R 1,67 2.4 2.4 2.4 2.4 3.29 4.2 4.38 3.36 3.33

C. ppm 140.12

Cr ppm 61.996 R 24.3 20.8 14.8 22.9 15.3 24.95 36.7 21.2 26.4 22.8

Cu ppm 63.146

F. ppm 5.847 <R 126 62.2 232 522 52.2 62.2 62.2 52.2 202 62.2

Ho ppm 20059 <R 00446 0005 0.006 - 0.005 0.005 0.006 0.001 0.005 0.02 0.005

K ppm 39.0983

ppm 138.9055

Li ppm 6.94\

Mg ppm 24.305 <R 1.1 66 6.6 6.6 6.6 16.3 34.9 6.6 10.8 9.78

Mn ppm 54.938 A 24.6 6.68 6.22 4.08 5.46, 3.245 7.62 3.36 4.56 3.51

Mo ppm 95.94

N. ppm 22 989)7 8 37900 26400 36200 36000 26600 38100 85200 37300 37300 373

Nd ppm 144 24

Ni ppm 5.7

P ppm 30.97376

A-18
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WHC-SD-WM-TI-528, Rev. 0
TABLE 2-2 continued.

m - _ _ _ _ _

,j Tank 106AW Analy.. Semple

20-Sep-I< 318 319 320 321 322 326 327 328 329 330 340

Component UnktS MW Cow

Pb ppm 207.2 <IR 11 48.6 46 40.0 46 48 46 46 48 48

Pd ppm 1064

Sb ppm 121.75

S. ppm 78.96 < 0.01 0.01 0.001 0.01 0.001 0.01 0.01 0.01 0.01 0.01
SI ppm 28.065S

Sn ppm 118.69

To ppm 180.9479

11 ppm 47.9

U S/L 230.029 0.00947

V ppm 60.9415

W ppm 183.85

Zn ppm 55.38 f1 81.6 130 121 78 120 77.5 194 41.4 105 73.2
Zr ppm 31.22

CN- ppm 26.0177 3.40S 2.49 2.43 2.49 2.57 0.836 0.761 2.4 0.37 2.1
S-2 ppm 32.0I

NH4 + M 18.0383 C 0.0033 0.00149 0.0015 0.00149 0.00139 0.002 0.016 0.001 0.002 0.001
NH3 M 17.0304

C03-2 M 00.0092

C- ppm 35.453 657.6 431 447 470 459 432.5 1190 456 450 441
F- ppm 11.9984 8310 5900 660 5840 5830

S04-2 ppm 96.0576 3885 2480 2550 2580 2490 2335 1000 2660 2350 2360
N03- ppm 63.0049 33450 31600 36600 31400 32500 31100 76900 31900 30100 2900

02- ppm 46.0055 9050 8140 7350 7470 7450 8060 24000 8270 9060 7900
P04-a ppm 94.97136 058.12 589 686 O11 695 587.6 1820 E05 584 63

A--19



WHC-SD-WM-TI-528, Rev. 0
TABLE 2-2 continued.

Tmnk 106AW Andya. S.npleI

20-Sep-91 < 318 319 320 321 322 326 327 328 329 330 348

Componant Units MW Camp

OH- m 17.0073 0.5646 0.518 0.611 0.53 0.588 0.467 1.3 0.156 0.631 0.318

TOC -IL 12.011 0.97 0.886 0.88 0.776 0.918 0.873 2.39 0.962 0.948 0.87S

TIC gL 12.011 2.08 2.47 2.27 2.10 2.3 1.996 3.97 2.17 2.15 2.03

SP gino 1.0902 1.0077 1.0767 1.079 1.0795 1.084 1.188 1.079 1.075 1.102

TolSoids-

PH

31- uCUL 12

14C uCLA 0.0747

54Mn uCl/L

69Mn In A -

60C uICUL . 6.37

63NI uCIIL

79s. %C.t 0.0398

SOSr uCUL 29.46

94Nb uCL < 7.30

S5Nb uCliL

99Tc uCL 16.6

103RU uCil.

106RuRh uCt< 48*

113Sn uCilL 50.15

1291 uC/L< 00424

134C. uCill.

137C. uCVL 5O650

144C.Pr uCi/lt 27.

A-20

m



WHC-SD-WM-TI-528, Rev. 0
TABLE 2-2 continued.

en

0

a

0

A-21

Tank 106AW Analyse Sample

20-Sep-91 . 318 319 320 321 322 326 327 326 329 330 340

Component Units MW Comp

154Eu hj/L 16.05

I55Eu uCUL 6s.85

226a UCIIL 77.55

234U u0/L 0.00925

235U uCi/L o.o092

238U uCIIL o.wo302
237Np uCi/L

238Pu uCilL

239i240Pu uCi/l. < 0.09885

241Am uCI/L < 0.02145

242Cm uCIIL

243Cm vCi/L red

244Cm uCI/L fd

TB uCIfL

AT uCIL M



WHC-SD-WM-TI-528, Rev. 0

TABLE 2-3: 241-AW-102 Validated Analysis Data

TAk 102AW An.lys.. Sample

14-Jun.-91 < 9394 9396 9394 9397 9401 9402 9403 9404

Componsos Unit. mW

Ag ppm 107.868 < 1.16 0.02 0.6 0.8

Al ppm 26.98164 476 482 491 601

As ppm 74.9216 1.46 1.66 1.405 1.6

8 ppm 10.81

o. Ppm 137.33 < 1.3 1.3 1.3 1.3

Be ppm 9.01218

I ppm 206.9804

Co ppm 40.08

Cd ppm 112.41 < 0.4 0.4 0.4 0.4

Ce PPM 140.12

Cr ppm 61.996 10.75 10.4 10.9 10.6

C.. ppm 63.646

F. ppm 55.847 45.66 60.6 23.9 6.17

H ppm 200.69 < 0.006 0.006 0.006 0.005

K ppm 39.0983

1. ppm 138.9056

U ppm 6.941

Mg ppm 24.306 9.55 13.7 13.3 172

Mn Ppm 54.938 < 03 0.3 3 03

Mo ppm 95 94

Na ppm 22.98977 16550 16600 17000 17000

Nd ppm 144.24

Ni ppm 58.7

P PPM 30.97376 -j
A-22

m

en
V
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WHC-SD-WM-TI-528, Rev. 0
TABLE 2-3 continued.

r1
00
C,

A-23

Tank 102AW Analy... S.mpIe

14-Jun-91 < 9394 9395 9396 9397 9401 9402 9403 9404

Component Unit. MW

Pb ppm 207.2 < 6 6 a a

Pd ppm 106.4

Sb ppm 121.75

So ppm 78.96 < 0.001 0.006 0.005 0.00

sI ppm 28.0855

Sn ppm 116.69

Ta ppm 180.9479

Ti ppm 47.9

U gIL 238.029

v ppm 60.9415

W ppm 183.85

Zn ppm 65.36 3.245 7.3 6.1 20.9

Zr ppm 91.22

CN. ppm 26.0177

S-2 ppm 32.06

NH4+ M 18.0383 <

NH3 M 17.0304

C03-2 M 60.0092

CI- ppm 35.453

F- ppm 18.9954

504-2 ppm 96.0576

N03. ppm 63.0049

N02- ppm 460055

P04-3 ppm 94.97136



WHC-SD-WM-TI-528. Rev. 0
TABLE 2-3 continued.

T.nk 102AW Analyses Sampl.

14-Jun-91 9394 9396 9396 9397 9401 9402 9403 9404

Comp.onat Units MW

O- m 17.0073

TOC g/L 12.011

TIC gIL 12.011

SpG S/mL

TotSoId M%

pH

3H UC4lA

14C UC41

S4Mn UC/L

69M uCIIL

60Cc uClAL

63MN uCUL

795e uCut

DOS, uCVL R

B4Nb uCUL <

96Nb uC1A

99To UClIt

103Ru uCi/L

106RuRlh uCi/L <

113Sm uCIL <

1291 uCi/L

134C. UCI/L <

137C. .Ci/L

144C.R uCi/L <

A-24

rn
0

9

I

lb
-C

0



WHC-SD-WM-TI-528, Rev. 0
TABLE 2-3 continued.

m
10 Tank 102AW Analyses Sample

14-Jun-91 < 9394 9395 9396 9397 9401 9402 9403 9404

Component Units MW

154Eu uCi/L <

155Eu uCi/L <

226R. uCi/L <

234U uCL

235U UCIIL

238U uCiL

237Np uCL

238Pu oCIIL

239/2 4 0Pu UCAl

241Am uCIIL 0.0231 0.024 0.008 0.175

242Cm UaL

243Cm UCI.L

244Cm UCIlL

AT uCL <8

m

0
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WHC-SD-WM-TI-528, Rev. L

TABLE 2-3: 241-AW-102 Validated Analysis Data - cont.

Tank 102AW Analyses Sample

14-Jun-91 < 9408 9409 9410 9411 9416 9414 9417 9418

Component Unit. MW

Ag ppm 107.868 <

Al ppm 26.98164

A. ppm 74,9216

a ppm 10.81

as PPM 137.33 <

a. PPM 9.01218

at PPM 208.904

Ca ppm 40.08

Cd ppm 112.41

Ce ppM 140.12

C ppm 51.998

Cu ppm 63.546

F, PPM 55.847

Hg ppm 200.9 <

K ppm 39.0983

La ppm 138S9055

LI ppm 6941

Mg ppm 24,305

Mn pp54.938

M. ppm 95.94

Na ppm 22.90977

Nd ppm 144.24

P PPm 30 9?37G

A-26
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WHC-SD-WM-TI-528, Rev. 0
TABLE 2-3 continued.

rn
00

P04.3 ppm 94 97136 178 179 174 167

A-27

Tank 102AW Any... Sample

14-Jun-91 < 9408 9409 9410 9411 9415 9416 9417 9418

Compon.st Units MW

Pb ppm 207.2 <

Pd ppm 106.4

Sb ppm 121.75

S. ppm 78.96 <

Si ppm 280855

Sn ppm 118.69

T. ppm 180.9479

TI ppm 47.9

U g/L 238.029 0.0045 0.0019 0.004 0.004

V ppm 50.9415

W ppm 103.85

Zn ppm 65.38

Zr ppm 91.22

CN- ppm 26.0177 1.22 1.32 1.21 1.38

S-2 ppm 32.06

NH4+ M 18.0303 < 0.008 0.008 0.00347 0.023

NH13 M 17.0304

C03-2 M 60.0092

Cl- ppm 35.453 623 175 582 481

F- ppm 18.9984 4280 3870 4090 3900

S04-2 ppm 960576 2190 2620 2550 1980

NO- ppm 63.0049 14250 14400 14100 14600

N02- ppm 46.0055 2520 2640 2540 2580



WHC-SD-WM-TI-528, Rev. C.
TABLE 2-3 continued.

Tank 102AW Analyse. Sample

hr..i-SI 9408 9409 94110 9411 9415 9416 9417 9418

Component UnIt. MW

OH- M 17.0073 0.177 0.154 0.079

Toc I
OOC IL 12,011 0.407 0.616 0.647 0.424

TIC gIL 12.011 0.684 0.856 1.07 0.768

Sm g/mL 1.024 1.024 1.027 1.026

ToiSt .45 wt%

pH

3H uCiAL 6.88 5.65 5.58 5.64

14C uCiWL.

S4Mn uCi/l

59Mn uCi/L

60Co uCi/L < 6.69 6.19 2.67 8.19

63Ni uCiL-

7SSe uCKL

90s, uCiL R 9.86 8.1 10.31 153

94Nb uCiJL 6.49 6.02 2.97 7.55

95Nb uCAIL

99Tc uCi/L

103Ru uCl/t 21.4 21.9 11.5 29.3

106AuRh uCUL < 407.5 273 478 433

1135n uCIIL < 27.3 28.7 16.5 39,5

1291 mCi/L

134C, uCi/L< 173.5 189 175 162

137C. mC./L 14750 16000 18100 15100

144C.P, mi/L C57 163 7.7 230

A-28

M1
60
(A
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WHC-SD-WM-TI-528, Rev. 0
TABLE 2-3 -continued.

Tank 102AW Analyse. S1mr.l

14-Jun-91 < 9408 9409 9410 9411 1415 9416 9417 9418

Component Unks MW

164Eu CIL 20.05 21 6.86 36.9

15SEU uCL 38.05 39 21 71

226Ra ,,CyL -314.6 316 307 412

234U uCLa/L

235U LCi/t

238U tCVL

237Np uClA

230Pu vC/L

239/240PU u-CljL 0.0778 0.0366 1.29 0.04

24lAm uCVL

242Cm uCiL

243Cm uClA

244Cm hCI

TB uCA 14400 13200 14700 20200

AT uI <A 144 1.6 2.16 2.16

9



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 2-4: 241-AP-103 Analysis Summary

Tank 241-AP-103 Analyses

17-Dec-91 Molarity

Component Units n < Mean S.Dev. Mean S.Dev.

Aq PPM 10 < 0.04 4.74e-10 3.71e-07 4.40e-15

Al PPM 10 1 246.2 179.8245 9.12e-03 6.66e-03

As PPM 10 1 0.04825 0.016199 6.44e-07 2.16e-07

B PPM

Ba PPM 10 < 0.065 0 4.73e-07 0.00

Be PPm

Bi ppm
Ca ppm

Cd PPM 10 0.11075 0.046661 9.85e-07 4.15e-07

Ce ppm

Cr pPM 10 3.6943 2.207772 7.10e-05 4.25e-05

Cu ppm

Fe PPM 10 < 0.8301 0.717151 1.49e-05 1.28e-05

Hg PPm 9 < 0.002067 0.0011 1.03e-08 5.48e-09

K ppM

La pPM

Li ppM

Mg ppm 10 < 0.721 0.508575 2.97e-05 2.09e-05

Mn ppm 10 < 0.02604 0.017424 4.74e-07 3.17e-07

Mo PPM

Na PPM 10 5312.5 3689.37 2.31e-01 1.60e-01

Nd ppm

Ni ppM

P ppm

Pb ppm 10 < 0.4 0 1.93e-06 0.00

Pd ppm

Sb ppm

Se ppm 10 < 0.0083 0.006203 1.05e-07 7.86e-08

Si ppm i

E.87
A-30



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 2-4 continued.

Tank 241-AP-103 Analyses I

17-Dec-91 Molarity

Component Units n < Mean S.Dev. Mean S.Dev.

Sn ppm

Ta PPm

Ti I PPM

U g/L 1 0.00369

w ppm- __

W PPM

Zn PPM 10 < 0.27405 0.374165 4.19e-06 5.72e-06

Zr ppm

C-N--- - - - 10 < 0.5963 0.150586 2.29e-05 5.79e-06

5-2 ppM

NH4+ M 10 < 2.75e-03 1.74e-03 2.75e-03 1.74e-03

NH3 M

C03-2 M

Cl- ppm 10 49.475 27.30044 1.40e-03 7.70e-04

F- ppm 10 129.325 89.98548 6.81e-03 4.74e-03

S04-2 PPM 10 350.2 131.9398 3.65e-03 1.37e-03

N03- PPM 10 4039 3081.787 6.41e-02 4.89e-02

N02- ppm 10 1299.3 264.141 2.82e-02 5.74e-03

P04-3 PPM 10 138.1 16.27165 1.45e-03 1.71e-04

OH- M 10 0.089866 0.066742 8.99e-02 6.67e-02

TOC 9/L 10 0.11203 0.024337

TIC g/L 10 0.51385 0.062412

SPG 9/mL 10 1.00366 0.009484

TotSolids wt%

PH

3H uCi/L 1 5.24

14C uCi/L 1 0.00447

54Mn uCi/L

59Mn uCi /L

60Co uCi/L 4 < 10.615 1.122304

E. 88 A-31



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 2-4 continued.

Tank 241-AP-103 Analyses

17-Dec-91 Molarity

Component Units n < Mean S.Dev. Mean S.Dev.

63Ni uCi/L

795e uCi/L 1 0.01115 _

9OSr uCl/L 1 2.62

94Nb uCl/L 1 9.31

95Nb uCI/L 2 < 8.6725 0.887419

99Tc uCi/L 1 1.08

103Ru uCi/L

I06RuRh uCi/L 2 < 266 104.6518

113Sn uCi/L 2 < 23.8 8.768124

1291 uCi/L I < 0.03185

134Cs uCi/L 11 < 10.45455 2.732217

137Cs uCi/L 11 6544.091 1042.609

144CePr uCi/L 2 < 132.825 52.57339

154Eu uCi/L 4 < 27.9875 4.905843

__Eu uCi/L 10 < 43.695 18.37012

226Ra uCi/L 2 < 143.5 142.1285

234U uCi/L 1 0.00652

235U uCi/L 1 0.000339

238U uCi/L 1 0.001257

237Np uCi/L

238Pu uCi/L

239/240Pu .uCi/L I < 0.00697

241Am uCi/L I < 0.01135

242Cm uCi/L

243Cm uCi/L

244Cm uCi/L

TB uCi/L

AT uCi/L _ _ _ _ _ _____ _ _ _ _ _ _ _ _ _ _

E.89

A-32



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 2-5: 241-AW-106 Analysis Summary

Tank 241-AW-106 Analyses

20-Sep-91 Molarity

Component Units n < Mean S.Dev. Mean S.Dev.

Ag pPM 10 <R 4.812 1.216487 4.46e-05 1.13e-05

Al ppm 10 R 1675.7 1168.542 6.21e-02 4.33e-02

As pPM 10 2.6235 0.541449 3.50e-05 7.23e-06

8 
_PPM

Ba ppM 10 <R 1.727 0.230846 1.26e-05 1.68e-06

Be PPM

Bi PPM

Ca PPM

Cd pPM 10 <R 2.973 0.89098 2.64e-05 7.93e-06

Ce pPM

Cr ppM 10 R . 22.915 6.087604 4.41e-04 1.17e-04

Cu ppM

Fe PPM 10 <R 74.56 50.42793 1.34e-03 9.03e-04.

Hg PPM 10 <R 0.01046 0.012889 5.21e-08' 6.43e-08

K ppM

La ppM

Li ppm

Mg ppm 10 <R 10.588 9.392319 4.36e-04 3.86e-04

Mn pPM 10 R 6.7235 6.419986 1.22e-04 1.17e-04

Mo PPM

Na ppM 10 R 39770 16568.78 1.73e+00 7.21e-01

Nd PPM

Ni ppm

P PPM

Pb ppM 10 <R 43.64 11.6957 2.lle-04 5.64e-05

Pd -PPM

Sb ppm

Se pPM 10 < 0.0082 0.003795 1.04e-07 4.8le-08

Si ppm

E.90
A-33



WHC-SD-WM-TI-528, Rev. 0 WHC-SD-WM-EE-004, Rev. 0

TABLE 2-5 continued.

Tank 241-AW-I06 Analyses _____

20-Sep-91 Molartty
Component Units n < Mean S.Dev. Mean S.Oev.

Sn _PM

Ta PPM

Ti -OM

U .i L 1 0.00947

w PPM....

Zn PP 10 R 103.77 43.29342 1.59e-03 6.62e-04

Zr ___

CN- P 10 1.98515 0.982056 7.63e-05 3.77e-05

S-2 PPM

NH4+ m 10 c -3.2e-03 5.10e-03 3.29e-03 5.10e-03

NH3

C03-2 M __________

Cl- pPM 10 535.3 229.5887 1.51e-02 6.48e-03

F- P___ PM 5 6512 1066.804 3.43e-01 5.62e-02

S04-2 PPM 10 3418 2564.419 3.56e-02 2.67e-02

0pm 10 36454.99 13999.66 5.79e-01 2.22e-01

N02-PPM 10 9575 5092.607 2.08e-01 1.]le-01

P04-3 *PP 10 _ 728.862 384.3368 7.67e-03 4.05e-03

OH- M 10 .0.58838 0.261077 5.88e-01 2.65e-Cl

TOC g/L 10 _ 1.0466 0.475226

TIC L 10 2.3595 0.582773

SPG g/ml 10 1.08595 0.04359

TotSolids wt%

3H uCi/L 1 12

4C uCi/L 1 0.0747

S4Mn uCi/L

59Mn uCi/L

60Co uCi/L 6 5.37

E.91A-34



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 2-5 continued.

Tank 241-AW-106 Analyses

20'Sep-91 Molarity

Component Units n < Mean S.Dev. Mean S.Dev.

63Ni uCi/L

79Se UCi,j/L 1 0.0398

90Sr uCi/L 1 29.45

94Nb uCi/L 1 < 7.38

95Nb uCi/L

99Tc uCi/L 1 16.8

103Ru uCi/L

106RuRh uCi/L I < 489

ll3Sn uCi/L 1 < 50.15

1291 uCi/L I <R 0.0424

134Cs uCi/L 1 < 397

137Cs uCi/L 1 50650

144CePr uCi/L 1 < 271.5

154Eu uCi/L 1 < 16.05
155Eu uCi/L I < 68.85

226Ra uCi/L I < 77.55

234U uCi/L 1 0.009252

235U uCi/L 1 0.000921 .

238U uCi/L 1 0.003015

237Np uCIL/L

238Pu uCi/L

239/240Pu uCi/L 1 < 0.09885

241Am uCi/L 1 < 0.02145

242Cm uCi/L

243Cm uCi/L

244Cm uCi/L

TB uCi/L

AT uCi/L

E.92

A-35



WHC-SD-WM-EE-004. Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 2-6: 241-AW-102 Analysis Summary

Tank 241-AW-102 Analyses

14-Jun-91 Molarity

Componint Units n < Mean S.Dev. Mean S.Dev.

Aq ppM 4 < 0.8925 0.171925 8.27e-06 1.59e-06

Al ppm 4 487.5 10.90871 1.Se-02 4.04e-04

As Ppm 4 1.50625 0.094989 2.OIe-05 1.27e-06

B PPM_

Ba ppM 4 < 1.3 8.43e-09 9.47e-06 6.14e-14

Be PPM

Bi .ppm

Ca ppm

Cd PPM 4 < 0.4 4.21e-09 3.56e-06 3.75e-14

Ce ppM

Cr PPM 4 10.6625 0.2136 2.05e-04 4.lle-06

Cu PP I

Fe PPM 4 31.58 20.52946 5.65e-04 3.68e-04

Hg PPM 4 < 0.005 1.45e-11 2.49e-08 7.22e-17

K pPM

La pPM

Li ppm

Mg PPM 4 13.4375 3.128198 5.53e-04 1.29e-04

Mn PPM 4 < 0.975 1.35 1.77e-05 2.46e-05

Mo PPM

Na PPM 4 16787.5 246.2214 7.30e-01 1.07e-02

Nd ppm

Ni ppm

p __P_

Db PPM 4 < 8 0 3.86e-05 0.00

Pd ppm

Sb ppm

ae ppm 4 < 0.005 1.45e-11 6.33e-08 1.83e-16

Si ppm I I

E.93
A-36



WHC-SD-WM-EE-004. Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 2-6 continued.

Tank 241-AW-102 Analyses I

14-Jun-91 Molarity
Component Units n < Mean S.Dev. Mean S.Dev.

Sn ppui
Ta PPM

Ti _

U g/L 4 3.67e-03 1.23e-03 1.54e-08 5.15e-09

Zn PPM 4 9.13625 8.01573 1.40e-04 1.23e-04

Zr ppm

CN- PPM 4 1.2825 0.081803 4.93e-05 3.14e-06

S-2 pPM

NH4+ M 4 < 0.01033 0.008471 1.03e-02 8.47e-03

NH3 M
C03-2 M

Cl- -4 465.25 202.4918 1.31e-02 5x71e-03

F- PM4 4035 190.1754 2.12e-01 1.00e-02

S04-2 4 2335 302.4897 2.43e-02 3.15e-03

N03- - -- 4 14337.5 213.6001 2.28e-01 3.39e-03

N02- PPM 4 2570 52.91503 5.59e-02 1.15e-03

P04-3 PPM 4 174.5 5.446712 1.84e-03 5.74e-05

OH- M 3 0.17 0.013892 1.70e-01 1.39e-02
TOC gL 4 _ 0.491075 0.096256 ____ _____

TIC g/L 4 0.842 0.167531
SPG - jmL 4 1.025275 0.001578
TotSolids wt%

3H uCl/L 4 5.6825 0.137689 ___________

14C uCi/L
S4Mn uCi/L _____ _____

S9Mn uCi/L _____ _____ _____

6OCo uCi/L 4- < 5.635 i2.382737 ___________

E. 94

A-37



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 2-6 continued.

Tank 241-AW -102 Analyses

14-Jun-91 Molarity

Component Units n < Mean S.Dev. Mean S.Dev.

63Ni uCi/L

79Se uCi/L

90Sr uCi/L 4 R 45.3175 71.79467

94N __ uCi/L 4 < 5.5075 1.903827 1

95Nb uCi/L

99Tc uCi/L

103Ru uCi/L 4 < 21.025 7.30542

106RuRh uCi/L 4 < 397.875 88.20466

lf3Sn uCi/L 4 < 28 9.40709

1291 uCi/L

134Cs uCi/L 4 < 174.875 11.06327

137Cs uCi/L 4 15237.5 593.5416

144CePr uCi/L 4 < 154.175 62.61301

154Eu uCi/L 4 < 21.7 11.53798

155Eu uCi/L 4 < 42.2625 20.86725

226Ra uCi/L 4 < 337.125 50.0506

234U uCi/L

235U uCi/L

238U uCi/L

237Np uCi/L

238Pu uCi/L

239/24OPu uCi/L 4 0.361225 0.619461

241Am uCi/L 4 0.25745 0.373926

242Cm uCi/L

243Cm uCi/L

244Cm uCi/L

TB uCi/L 4 15625 3118.092

AT uCi/L 4 R I.85 0.36

E.95
A-38



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 2-7: Future Dilute DSSF Waste Sumnary,

Dilute Waste Analyses and
Estimates

Units: Molarity; uCi/L for
radionuclides; others as noted

2&6AW,3AP Com osite Evap.

Component MEAN product

Ag 9.23e-06 7.10e-05

Al 1.95e-02 1.50e-01

As 1.30e-05 1.00e-04

B

Ba 5.72e-06 4.40e-05

Be

Bi

Ca 0.00 0.00

Cd 5.27e-06 4.05e-05

Ce

Cr 1.73e-04 1.33e-03

Cu

Fe 4.10e-04 3.15e-03

Hg 2.16e-08 1.66e-07

K

La

Li

M 2.97e-04 2.29e-03

Mn 2.30e-05 1.77e-04

Mo

Na 6.27e-01 4.82e+00

Nd

Ni

p _______ _______

concentration estimates developed in WHC-SD-WM-TP-117.

A-39

2 241-AP-106

E.96



WHC-SD-WM-EE-004. Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 2-7 continued.

Dilute Waste Analyses and
Estimates

Units: Molarity; uCi/L for
radionuclides; other as noted

2&AW 3AP Cornosite Evap.

Pb 4.35e-05 3.35e-04

Pd

Sb

Se 8.77e-08 6.74e-07

Si

Sn

Ta

Ti

W

Zn 2.60e-04 2.00e-03

Zr .1

CN- 4.06e-05 3.12e-04

S-2

NH4+ 5.95e-03 5.20e-03

NH3

C03-2

Cl- 1.36e-02 1.05e-01

F- 2.29e-01 1.76e+00

S04-2 1.62e-02 1.25e-01

N03- I.97e-01 1.51e+00

N02- 6.24e-02 4."o-01

P04-3 2.40e-03 I1.85e-02

OH- 1.86e-01 1.43e+00

TOC g/L 3.87e-01 2.98e+00

TIC g/L 8.83e-01 6.79e+0

A-40 E.97



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 2-7 continued.

Dilute Waste Analyses and
Estimates

Units: Molarity; uCi/L for
radionuclides; others as noted

2&6AW,3AP IComposite Evap.

Conponent MEAN odut

SPG 1.02e+00 -1.25

TotSolids

3H 6.28e+00 5.49e+00

14C 1.96e-02 1.5le-01

54Mn

59Mn

60Co 8.02e+00 6.17e+01

63Ni

79Se 2.55e-02 1.96e-01

90Sr 2.37e+01 1.82e+02

94Nb 7.49e+00 5.76e+01

95Nb 8.67e+00 6.67e+01

99Tc 4.47e+00 3.44e+O1

103Ru 2.10e+01 1.62e+02

106RuRh 3.49e+02 2.68e+03

ll3Sn 2.89e+01 2.22e+02

1291 3.41e-02 2.63e-01

134Cs 1.27e+02 9.80e+02

137Cs 1.57e+04 1.21e+05

144CePr 1.59e+02 1.22e+03

154Eu 4.07e+01 3.13e+02

155Eu 4.63e+01 3.56e+02

226Ra 2.15e+02 1.66e+03

234U 4.17e-03 3.2le-02

235U 2.72e-04 2.10e-03

23811 9.59e-04 7.38e-03

A-41E.98



WHC-SD-WM-TI-528. Rev. 0 WHC-SD-WM-EE-004, Rev. 0

TABLE 2-7 continued.

-ote: Evaporator product calcuiated as 87% WVR.

A-42
E.99

Dilute Waste Analyses and
Estimates

Units: Molarity; uCi/L for
radionuclides; others as noted

2&6AW,3AP Composite Evap.

Component MEAN product

237Np

238Pu

239/24oPu 1.65e-01 1.27e+00

241Am 1.14e-01 8.80e-01

242Cm

243Cm

244Cm

TB

AT

Volume L 9.06e+06 1177332

WVR 87.00%



WHC-SD-WM-EE-004, Rev. 0 WHC-SD-WM-TI-528. Rev. 0

TABLE 3-1: Evaporator Campaign 84-3 Analysis Data3

Evap Camp. 94-3 Aa.ly.. Sawi. Doc.y to

07103 < 9991 Oct-63

Coap nat Unk MW

Ag ppm 107.B88

Al M 26.9816 1.81

As PPM 74.9216

8 pea 10.81

Be ppm 137.33

s ppM 9.01211

IN ppm 208.98

Cs pee 40.08

Cd pee 112.41

C. ppm 140.12

C, pp. 61.996 0.013

Cu Ppm 63.646

F. ppm 66.847 29-04

Hg ppm 200.69

K pm 39.0983

La pen, 138.906

LI ppm 6.941

Ma ppm 24.305

Mn ppm 54.938

Mo ppm 96.94

N. M 22.9898

Nd ppm 144.24

NI ppm 587

P ppm 30.9738

Pb pea. 207.2

Pd pM 106.4

Sb PP. 121.76

So ppm 78.96

SI pp. 20.0856

Sn ppM 118.69

To ppm 180.948

TI ppm 47.9

Reference: SD-WM-PE-0183

E.100
A-43



WHC-SD-WM-TI-528, Rev. 0
TABLE 3- continued.

WHC-SD-WM-EE-004, Rev. 0

Ev.. Cwp. 94-3 Ansly.s. SaopI. D.cay to

07/03 A9991 Oct-93

Componnt Unfts MW

U CIL 238.029

V ppm 50.9416

W ppI 183.85

Zn pp" 85.38

2r ppm 91.22

Cm- pPI 26.0177

3-2 ppm. 32.06

NH4+ M 18.0383

NH3 M 17.0304

C03-2 M 60.0092 0.28

C. m 35.453

F- M 18.9984

0-2 - m 96.0578 0.016

N03- M 63.0049 2.72

N02, M 48.0055 1.87

P04-3 U 94.9714 0.007

Ot- M 17.0073 4.00

TOC M 12.011 0.3189

TIC gIL 12.011

Spa g/mL 1.464

TotSoiids wt%

pH

3H uCL

14C uCL

54Mn uClAL

SSn WCltt

SaCo uC/L

63NI uC/L

79S* uCVL

90m uCUL 1270 1019

94Nb UCLI.

9SNb uCUL

99T u0/L

103Ru uCUL

1OSRoAP uCUL

A-44
E.101



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 3-1 continued.

Evap Camp. 84-3 Analyses Sample Dec.y to

07103 R f9991 Oct-93

Component Units MW

113sn uCW/L

12ql UMl/

134Cs udIL

137C, uM/L 624000 604803

144CePr uC/L

164Ew um/L

16ffEu ua/L

226R& udt

235U u/L

238U uCI/L

237Np uOiL

239Pu uCl/L

239/240PU uVL 10.422

241Am UCUL 11400

242C.. uCnL

243Cm uCl/L

244Cm uClL

TB uCiL

AT uCl/L

Note: Pu ftotall assumed to be 239.

E.102 A-45



WHC-SD-WM-TI-528. Rev. 0
WHC-SD-WM-EE-004, Rev. 0

TABLE 3-2: Evaporator Campaign 84-5 Analysis Data'

Eva" Cap. 84-5 An.anI Sample

15-Oct.84 < R3303 R3305 R3307 F13413 83415

Component Unite MW

Ag ppm 107.868

Al M 26.96164 1.3 1.39 1.21 1.25 1.11

As ppm 74.9216

6 ppm . 10.81

a. ppm 137.33

S. ppm 9.01218

ppM 208.9804

Ca ppm 40.06

Cd ppm 112.41

C. ppm 140.12 -

Cr ppm 1.996

Cu ppm 63.546

Fe ppm 65.847

Hg ppm 200.19

K ppm 39.0983 0.154 0178 0408 0085 0.11

Lo ppm 138.9055

L ppm 6.941

M9 ppm 24.305

Mn PPM 54.938

Mo PPM 96.94

N. M 22.98977 14.35 11.48 11.53 10.64

Nd ppm 144.24

NI ppm 58.7

P ppm 30.97376

Pb ppm 207.2

Pd ppM 106.4

Sb Ppm 121.75

So ppm 78.96

SI ppm 28.086f

Sn PPM 118.69

T. ppm 180.9479

TI Opm 47.9

4 Reference: SD-WME- 022

A-46
E.103



WHC-SD-WM-EE-004, Rev. 0 WHCSD-WM-TI-528, Rev. 0
TABLE 3-2 continued.

Evsp Comp. 04-5 Anadms Smp8.

15-Oct-84 C R3303 R3305 R3307 R3413 R341S

Ccmpcnent Units MW

Id glL 238.029

V ppm 50.9416

w ppm 183.9

2n ppm M.38

Zr PMu 01.22

CN- ppM 26.0177

S-2 ppm 32.06

NH4 + M 18.0383

NH3 m 17.0304 < 0.006

C03-2 m 60.0092 0.255 0.16 0.94 0.588 0.66

Cl- A 35.463 < 0.215 0.2 0.23 0.187

F- m 18.9984 <

S04-2 U 96.0576 < 0.078

N03- M 03.0049 2.86 2.31 4.09 3.14 3.4

N02- 0 U 46.0056 1.97 2.16 1.31 2.05 1.64

P04-3 M 24.97136 0.02 0.022 0065s 0.026 0.052

OH- m 17.0073 4.6 4.72 3.84 4.35 3.37

TOC m 12.011 6.6 6.95 4.31 6.01 4.72

TIC g/L 12.011

SPa g/iL 1.49 1.54 1.52 1.51 1.47

TotSolids wt%

pH

311 uCIL

14C UCUL

54Mn uCtL

S9Mn uCI/L

SOCo uCUL

63N uC/L

79S@ tC/L

SOS, uCVL 17100 9710 21600 18000 11000

94Nb uCiL

95Nb uCilL

99Tc vCL

103Ru uCI/L

lO6fuRh uCi/L

A-47 '
E.104



WHC-SD-WM-TI-528, Rev. 0
TABLE 3-2 continued.

WHCSD-WM-EE-004. Rev. 0

Evs Ca.p. 84-6 Anlysm

15-Oct-84 < A3303 R3305 R3307 R3413 R3415

Campomntt Units MW

1133n Utl/l

1291 uCilL

134C 120

137C, tCtL 940000 f890000 783000 89000 665000

i44Catr uCI/L

164Ev vCUL

ISSIEU UCUL

226K. vCL*

234U UCIIL

23SU uCUL

238U UCL

237N, uCiL

230Pu uCUL

2391240Pt UCUL

241Am UM

242Cm UCL

243Cm VCUL

244Cm uCL -

Te UCUL

AT uCL/L

A-48
E. 105



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0

TABLE 3-3: Evaporator Campaign 85-3 Analysis Data5

Evap C.m.. 85.3 Analyse. SMPI

03-ApW-85 < P4660 R4081 46"3 P4664 A4687

Ccmwmnnt Unit MW

Ag pp. 107.868

Al M 2.98154 1.7 1.8 1.73

As ppM 74.9216

b ppm 10.81

Ba pp' 137.33

Ba p. 9.01216

DI pp. 206.9804

Ca pp. 40.06

Cd ppM 112.41

C. ppm 140.12

C, ppm 51.9960

Cu ppm 63.546

F. pp" 55.847

HO ppm 200.59

K ppm 39.0983 0.14 0.18 0.15

La ppm 130.9055

LI ppm 6.941

Mg ppm 24.306

Mn ppm 54.938

Mo ppm 95.94

Na M 22.98977 11.45 11.38 13.08

Nd ppm 144.24

Ni ppm 58.7

P ppm 30.97376

Pb ppm 207.2

Pd ppm 106.4

Sb ppm 121.75

S. ppm 78.96

SI ppm 28.0856

Sn ppm 116.89

T. ppm 180.9479

T1 ppm 47.9

SD-WM-PE-023

E. 106

s Reference:

A-49
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WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 3-3 continued.

Evap C.ip. 65-3 Anv.y.. Ssmple

03-Apr-es < RA48 R4681 R4683 4O84 4687

CDmpon nt Unk. MW

lIS5n uIILl

1291 uCL

134C. uCIIL

137C. UCUL 613000

144C.t uMOL

1S4Eu uCUL

1SSEu UmL

226R. uCUL

234U uCl/L

235U uCIL

23U uCUL

237NP uCJL

238Pu uCVL

239/240PU /CUL

241Am uC/L

-242Cm uCL

243Cm uCIt

244Cm uCI/L

TS uQ/L

AT uCUL

E.8 AA-51



WHC-SD-WM-EE-004. Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 3-4: Evaporator Campaign 84-5 Analysis Summary

Evep Camp. 84-5 Anay.e.

Oct-84 Oct-93

Component Units ft Meam, S.00,

Ag P"m 0

Al M 6 1.252 0.104019

A. ppM 0

S pp" 0

a. nm 0

Bee 0

1ppm 0

C. ppM 0

Cd ppm 0

Ce ppf 0

Cr no. 0

Cu ppm 0

Fe ppm 0

Hg ppm 0

K ppm 6 0.187 0.128787

1. ppm 0

LI Ppm 0

M1 Ppm 0

Mi. ppm 0

Mo ppm 0

N. ppm 4 12 t.618991

Nd ppm 0

NI ppm 0

P ppm 0

Pb ppm 0

Pd ppm 0

Sb ppM 0

S4 ppm 0

S1 Jim 0

Sn ppm 0

Ta . ppm 0

TI Jim 0

U 9/L 0

V ppm 0

A-52 E.109



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 3-4 continued.

Evw Canp. 84-6 Analv.

Oct-S 4  Oct-93

Component Unit, a < Mean S.Dev.

W ppm 0 ______

Zn pp" 0

2r ppM 0

cN- ppm 0

9-2 pp. 0

NH4+ A 0

NH3 m 1 0.006

CO3-2 M 6 0.6246 0.310763

CO. ppm 4 0.200 0.018601

F-m 0

S04-2 pPm 1 0.078

-N &3- - -- pm -i 3.164 0.656453

N02- ppm 6 1.026 0.347600

P04-3 ppm 5 0.035 0.017059

OH- m 5 4.17S 0.663143

TOC g/L . 6 5.51i 0.961182

TIC g/L 0

SPO a/ml 5 1.506 0.027019

TotSokd. wt% 0

ph 0

3H uC/L 0

14C uCUt 0

54MLn UC/L 0

S9Mn uC/L 0

60CO Um 0

63N uCiVL 0

79S. uCIL 0

90Sr 6CL £ 16482 4994.809 12606.79

94Nb UCIL 0

9SNb uCI/L 0

99TC uCUL 0

103Ru CI/L 0

1O6RuRh uC/L 0

113Sn uCi/L 0

1291 uC/L 0

E. 110 A-53



WHC-SD-WM-TI-528, Rev. 0
--TABLE 3-4-continued.

WHC-SD-WM-EE-004. Rev. 0

Evep Camp. 04-5 An.y.e

Oct-64 Oci-93

Cmm Unt. n < S.Dev.

1340. CUL 1 120 62.27367

137C. uCVL 5 1033400 4903461 641151.3

144CF WCUL 0

154Eu umL 0

1sEu U=L 0

22SR uCmL 0

23Uu wL 0

23MU uCmL 0

230U UC0L 0

237NJp -CL -0 -

230Pu uCi/L 0

23W240PU uCL 0

241Am uCiL 0

242Cm UCL 0

'43C' CUL 0

244Cm UCWL 0

TB UCWL 0

AT uCIL 0

A-54
E. IIl



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 3-5: Evaporator Campaign 85-3 Analysis Summary

Evap Camp. 85-3 Analy.ses Dey to

Apr-85 Oct-93

Component Units n < Masn S.Dev.

Ag ppm 0

Al M 3 1.743333 0.061316

As pM 0

-a - p.,, 0-
Be ppM 0

B. ppm 0

Di ppm 0

Ca ppm 0

Cd ppm 0

Ce ppm 0

Cr ppm 0

Cu ppm 0

F. ppm 0

Mg ppm 0

K ppm 3 0.1s6807 0.020817

La pOm 0

U ppm a

Mg ppm 0

Mn ppm 0

Mo ppm 0

Na M 3 11.97 0.961925

Nd ppm 0

Ni ppm 0

P ppm 0

Pb ppm 0

Pd ppm 0

Sb Ppm 0

S. ppm 0

Si ppm 0

Sn ppm 0

Ta ppm 0

T. ppm 0

U g/L 0

V ppm 0

E. 112 A-55



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 3-5 continued.

Evmp Cu.p. 85-3 Analyes Decoy to

Apr53 Oct-93

Component Units n < Mean S.D.,

W Pn" 0

zn ppm 0

Zr ppm 0

CN- ppm 0

5-2 pp. 0

NH3 M 2 0.02 7.090-11

003-2 M 3 0.363333 0.296704

Cl- M 3 0.24 0.04

F- M 0 -

5042 M 0

N03- m 3 3.12 1.026791

N02- M 3 2.61 0.455741

P04-3 m 3 0.02 0.01

OH- - M 3 3.636867 0.746755

TOC M 3 3.876667 1.547137

TIC C/L 0

SPa g/mL 3 1.503333 0.025166

TotSolids wt% 0

pH 1 13.5

3H uC/L 0

14C uC/L 0

54&% uCVL 0

S9Mu uOL 0

we* uCU! 0

63NI uC/L 0

79S. uCIl 0

90S uCUL 1 3950 3226.4n5

9414b uCi/L 0

-SNb uCVL 0

92Tc uCUL 0

103Ru C/L 0

106AURh uoL 0

113S. uQ/L 0

1291 uCAL 0

A-56
E.113



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 3-5 continued.

Evap Camp. 85-3 Analyses Deny to

Apr85 Oct-93

Componnt Units n < Mem S.Dev.

134C. uCIIL 0

137C, uCUL 1 613000 50432&6

14ACSPr uClL 0

154Eu uCUL 0

ISEu uCIL 0

22MRa uCLA 0

234U uCIL 0

235U uChL 0

238U uCL 0

237NP uCi/L 0

238Pu uC/L 0

239/240Pu uCVIL 0

241Am uCj/I 0

242Cm uCi/L 0

243Cm uCUL 0

244Cm uCi/L 0

TB -uCUL 0

AT uCi/L 0

E.114 A-57



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528. Rev. 0

TABLE 4-1: Concentrated Waste Summary Data - iIOAW, 103AN6

Unit.: Molaflty: uCLIL for rdlonuelid..: other s noted

101-AW Anal-sis Jul-90 103-AN Analysis Dec-84

Uniform Uniforn

CouwonaIt Units MEAN Unit -a- Units MEAN Unit mean

Ag M 3.000-WS &09.-04 mg/ 1.00.-02 1.49.-C4

Al M 1.03e+00 1.03.+00 mg/g 3.6O.+01 2.13@+00

An M 1.33-07 1.33e-07 mg/g 1.00s-01 2.14-03

I - M mg/g

as M 6.80Se-O 6.60005 Male 1.00-02 1. 17*-04

Be M mg/a 1.00e-02 1.78-03

Of M 6.79-04 5.79e-04 mg/g 3.00-02 2.30*-04

C M M.29-04 8,269-04 me/g 5.4002 '2.1:-03

Cd M 1.08.-Os 1.06Se- mg/a 1.0002 1.42.-04

Ce M mg/a

C, M 3.0903 3.09e-03 mg/ 5.30-01 1.63.-02

Cu M 3.810-"t 3.81e-04 m/g 7.50.03 1.89.-04

F. M 7.860-04 7.86.-Ct mg/a 4.40.-02 t.26e-03

Hg m/L 1.57.-Ol 7.82-7 ma/g 1.00o-02 7.98.-CS

I M 1.07e+00 1.07e.+00 mg/o 9.50.+00 3.89.-01

La U mg/o .

LI M mg/Q

Me M 2.1603 2.16o-03 n0/0 1.80.-02 1.18.-03

Mn M 4.76.-04 4.76.04 mg/g 1.80.-02 5.24e-04

Ma M 6.000-04 6.000-04 mg/u S.50-02 9.17e-04

No m 1.00+01 1.00..01 mg/0 2.104.02 1.46e+01

Nd M mg/0

NI M mg/a 1.SOe-02 4.09e-04

P M mG/a

Pb M 1.46.03 140.03 mg/a 4.50.02 3.47.04

Pd M mg/a

Sb ' mg/a 1.000-01 1.31.-03

S. M 4.2e-07 4.20.-07 mg/a 1.3001 2.6303

Si M 4.3e-OS 4.3603 mg/a 1.70.-Cl 9.68.-03

Sn M ma/

References:
thans calcul

WHC-SD-WM-TRP-055 and
ated as real values.

SD-WM-TI-355, Rev. 1. Less-

A-58

6

E115



WIHC-SD-WM-EE-004. Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 4-1 continued.

Unk: MlSdty: uCI/L Ie, r.dknlkdes: the me noted

101-AW Anolyely Jul-30 103-AN Analy.L. Doe-84

Un"Gr, Unifnern

Compnnt Unk MEAN Unk .even Unks MEAN Un* Pee

To N mg/

n M 8.6S.-CS 9.8.45 owe 1.001s-2 3.34-04

U M *.3h0-04 9.S-04 n/s 7.70-02 6.1a.-04

V M nwg 1.000-02 3.14-04

w nllu 1.30s-01 1.13-03

Zn M 4.84.-03 4.84.-OS m/ 3.000-02 7.34.-04

Zr M 5.54-04 5.54.-04 mgl I.SO.-02 2.83.-04

CN. M 1.03-O3 1.03-S me/s 2.10.-02 1.29.-03

S-2 M mgi

NHA M 1.46m-02 1.46.-C2 Mig

NH3 M ug/g

C03-2 M 2.05.-al 2.05-01 mgP S0.+00 1.49.-01

- - M 1.46-Cl 1.46"-1 nq/g 6.00.+00 2.71.-01

F. M 4.02.-03 4.02-3 mg/ 4.60.-Cl 3.87.-02

S04-2 M 1.07"42 107-02 mgle 1.000+00 1.67"-2

N03- M 3.46.+00 3.46.+00 mgw/ 1.00.+02 2.64.+00

NO2- M 2.19a+00 2.190+00 ma/u 8.606+01 2.99-+00

P04-3 M 2.22.-02 2.22&-02 mu/g 5.00.-Cl 0.77-03

OH- M 5.07.+00 6.07..00 mjg 6.10..01 .74.+00

TOC 9/ g/L 2.46..00 2.46.+00 nw/u 4.60s.00 6.13.-Cl

TIC g/Il g/L 2.46o+00 2.46.4+00 m/

SPG gem3 1.560+00 1.56.+00 ccM3 1.600+00 1.60.+00

TotS*Wd. wt%

PH

3H UCIL 7.07e+00 7.07.+00 CIL 4.00.-06 4.00.+00

14C uC/L 3.70.-Cl 3.70.-01 CUL 2.00.-06 2.00*+00

64Mkn uCl/L ClL

69Mn uClAL C;/L

SOCO =C/ 2.98.401 2.96*+o0 CLI 3.100-05 3.80.+01

63NI sCUL C/L .

79S. uCUL 4.80a-01 4.80-1 CI/L 4.30.-05 4.30.+01

e9/90S UCIL 1.09o+03 1.09-+03 CI/L 1.30.-02 1.30..04

S4Nb UCUL 6.82o.01 6.82+01 CJIL 7.10.-08 7.10.+00

9SNb sCL I C/IL

E.116 A-59



WHC-SD-WM-TI-528, Rev. 0 WHC-SD-WM-EE-004, Rev. 0

TABLE 4-1 continued.

Unit.: Moleity: uCAL fo radIon.clid: other a noted

101-AW An-y.l. Jul-SO 103-AN Anly.ie Dec.8 4

Unifom Uni(o.

Component Unite MEAN Unit n"n Unit. MEAN Unit mean

99TO uCVL I.S2.+02 1.52e+02 C/L 1.70e-04 1.70.+02

103aU Cm C/L

1OO6ukh Om 170o+03 3.70e+03 /L 6.80.-05 6.80e+01

1138n OCUL CU/L

1291 alCU &03-..1 3.03e-Ol 0L 6.20.-07 6.20.-41

134C uCL I.SOe.03 1.53@+03 C/L 1.10-04 1.10..02

137Cs UCUL S.20.+06 5.20e+05 CUL 7.50.-Ot 7.SOe+05

144CePr UCUL L

154Eu uWCL C/L

155EU uCUL CIUL

22CR. UCUL Ci/L

234U UCUL CUL 5.30.-Os S.30.-02

235U UCI/L CUL 1.10-09 1.1 -03

23J .UCVL CIL 1.40*.0$ 1.40-02

237NP qjL 3.06.-03 2.16e+00 CUL 2.00-08 2.00e-02

23fP4 UCUL C/L 2.8007 9.80.-01

239/240PU UCUL 1.15e+00 1.15..00 C/L 1.90-06 I.90..00

241A. ud/L 1.20a.00 1.20.+00 OX 2.30.-06 2.30..00

242Cm uClL CUL

243/4Cs.. uCUL 5.33:=02 6.33e02 Cl

244C. UCUL C/L 4.20.-07 4.20.0-2

To ua/L O/L

A T uCL CUL

Value.L 3. +o 3.49,+06

A-60
E. 117



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 4-2: Concentrated Waste Summary Data - 105AP, 106AN7

Less-than, Calculated as Meal V.1ums

I05-AP Eatimat. Jan-119 106-AN Analysis A pr-09

Top Bottom Uniform Uniform

Units MEAN MEAN Unit mean Units MEAN Unit mean

Ag M 9.30*-05 2.60.-04 2.000-04 mg/L 3.63.+00 3.37-OS

At M 2.00.-C1 7.l0.-02 1.80&01 mg/L 9.29@+03 3.44o-01

As M 4.00-O0 1.2-07 8.58.-9 mg/IL 7.20-02 9.61-07

B mg/L.

a. M 2.00.-OS 6.10.-OS 4.36.-05 mg/L 1.11.+01 8.08-OS

Be M mg/.

Bi M 1.70-04 6.20.-04 3.70.-04 a/L 1.45e+02 6.94.-04

C. M 2.50.-04 1.70-03 1.083- mg/L 9.02.+01 2.25*-03

Cd M 3.20a-06 9.70-O6 6.92.-06 4gAl 4.96.01 4.41.-04

C. M mg/L

Cr M 9.30-04 5.10.-03 3.32-03 mg/L 5.64.+02 1.08-02

Cu M 1.10w-04 3.40.-04 2.42-04 mg/L 3.75s+.00 5.90-0s

F. M 2.40-04 1.70.-04 2.000-04 mg/L 6.90.+00 1.24*-04

Hg M 2.30.-07 7.00-07 4.99"-7 mg/L S.00a-02 2.49*-07

K M 7,20P-01 9.600-01 8.57-01 mg/L 1.0+03 2.760-02

La M mg/L

UP M mg/l.

Mg M 6.50.-04 3.90-04 4.96.-04 mg/l. 2.78.+00 1.14-04

Mn M 1.40.-04 4.30.-04 3.06.-04 mg/L 5.57.+Cl 1.01.-03

Mo M 1.80.-04 5.40-C4- 3.86.-04 - - mg/L 6.660+01 6.94.-04

Na M 2.80e+00 9.C0.+O 6.35o+00 mg/L 9.03*+04 3.93.+00

Nd M mg/L

Ni M 1.00"-3 3.00.-03 2.15 -3 mg/L

P M 6.70.-03 2.00.-02 1.43o-02 mg/L 6.11.+03 1.97.-01

Pb M 4.40.-04 1.30-O3 9.33.-04 mull 4.60.+02 2.22.-C3

Pd M mg/L

Sb M mg/L

So M 1.30e-07 3.80.-07 2.73.-07 ma/L 1.34-01 1.700-06

Si M 1.30-03 5.20.-03 3.53-3 mg/L

Sn M mgaL

References: WHC-SD-WM-TP-130, WHC-SO-WM-TP-065, and
Rev. 1.

SD-WM-TI-355,

A-61
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WHC-SD-WM-TI-528, Rev. 0
TABLE 4-2 continued.

WHC-SD-WM-EE-004, Rev. 0

Less-thans calculated as real values

10JAP Estimat. j 0 -89 106-AN Analysis Apr-69

Top Bottom Unrlr,, Unidom

Unit. MEAN MEAN Unit man Unit. MEAN Unit man

TA M m/L 1.30.-01 7.18-07

I M 3.00.-05 &.LS-05 6.38-05 rng/L 3.51*.00 7.33.-OS

U M 2.S-04 890.504 6.06-04 g/L 4.00.-03 .Be-05

V M ong/L

W M m/IL

Zn M 1.50.-03 9.004.04 1.16-03 mg/L 9.44..00 1.44a-04

2r M 1.70e-04 5.000-04 3.59a-04 mg/L 2.78.01 3.05.-04

CN- M 3.109-04 9.30.44 6.6e-S g/L 6.00.-03 2.31.-o4

5-2 M mg/L

NH4+ M 5.30.-43 l.40- 2.344-O3 mg/l 1.30..02 7.22-a3

NH3 M mg/L

C0:-2 M 2.76-di 2.40.-01 2.53-1 N 3.27e-01 3.27.-al

M 3.10002 S 80.02 7.28. 02 mg/L 2.46.+03 6.94s-02

U- M 1.70-01 1.00-01 1.30-C1 ma/L 6.16..01 3.24e-03

$04-2 M 3.40e-02 1.80@02 2.48s-02 mg/L 2.15..03 2.24-02

N03- M 1.80.00 3.30.+00 2.66..00 mg/IL 6.5..04 . 1.09..00

N02- M 5.40.-a1 1.50..00 1.09.+00 M 6.44.-Ol 6.44.-al

P04-3 M 2.50a,02 9.70-03 1.62-02 m;,& 1,84.+04 1.94.-Ol

OH- M 3.200+00 5.70a.00 4.63.+00 M 4.74.-01 4.74.-01

TOC /IL gIL 2.20o.00 S.20.+00 3.92@+00 gIL 3.26.+00 3.26s.00

TIC /L g/IL g/L

SPGgiem3 1.25.+00 1.42..00 1.35.+00 g/m3 1.23.+00 1.23a+00

TotSolids % wt%

PH

3H4 UCV/L 1.10.+01 8.60*+00 9.638+00 uCi/L 3.44.00 3.44&.00

14C uCi/L 1.10-01 3.30-1 2.36-01 uCL 3.35.-al 3.35.-01

54Mn uCL uC/L

59Mn uCI/L i/I

60CO uCl/L 8.90.00 2.70e.01 1.93e.01 uCi/L 9.15.+00 9.15..00

63NI uCi/L uC/L

795. uC/L 1.4001 4.30-a01 3.06-01 uCUL 2.40.-01 2.40.-al

89/90S, uCUL 3.10..02 1.40s.02 2.13.+02 uC 4 L 2.23..03 2.23..03

94Nb uCi/L 2.00.+0l 6.10..Ol 4.36.+02 uCi/L 2.30.+0l 2.30..0l

95Nb u~i/L uCi/L

A-62
E. 119



WHC-SD-WM-EE-004, Rev. 0
WHC-SD-WM-TI-528, Rev. 0

TABLE 4-2 continued.

Le.s-than. calcuLated me M.1 Slu*s

105-AP Enlmat. Jan-89 106-AN Analysis Apr-89

Top Bottom Unifonn Uniform

Units MEAN MEAN Unit rn.n Unks MEAN Unit mean

99TC uC/L 8.30.+00 2.30.+01 1.79h+0l uCLIL 6.92s+01 6.929+01

103AU tCVIL UC/IL

10gRuRh uCI.L 1.10.+03 3.30*+03 2.36+03 uO/IL 1.39.+03 1.390+03

113Sn .C/1L uCVl

1291 UCIL 2.00.-02 6.9-02 4.19-02 Cl/L 7. 60-02 7.50.-02

134Ca uCVL 1.80..03 3.20.+03 2.52.+03 uCIL 2.37.+01 2.37.+_Ol

137Cs uO/L 1.70.+05 3.70.+05 2.8"+06 ug/IL 2.03.+05 2.0k.+05

144CePr uO/L uVI/L

14Eu uOI/L uC3/L

ISSEU uClL uCtIL

226R. ud/IL uC/L

234U uCi/L g/L

235U UC/L uC/IL

230U UCLIL uO/IL

237Np u~t/L 7.056-01 1.90.00 1.39.+00 CIL 3.00-03 2.12a+00

238Pu uCi/L 1.e-02 b.30-02 3.90-02 uCIL 2.00.-02 2.00e-02

2391240 utC/L 2.00-02 5.90.-02 4.23.-02 uOI/L 3.79*-02 3.78.-02
Pu

241Am uCd/L 1.00.+00 1.60.+00 .34.+00 uCi/L 6.06.-01 6.06.-Cl

242Cm uC/L uCi/L

243/4Cm uCIL- 1.60-02 4.80-02- 3.43-02 - -- uL/L 4.70.-02 4.70@-02

244Cm UC/L uCl/L

TB uC/L wCl/L

AT uC/L UC/IL

Volum L 1.34.+08 .80.+06 3.15a+06 3.67+06

E. 120 A-6-1



WHC-SD-WM-TI-528, Rev. 0
WHC-SD-WM-EE-004, Rev. 0

TABLE 4-3: Concentrated Waste Summary Data - 104AN, 105AN

104AN and IOSAN 85-3 84-5 84-3 Apr-85 Apr65

Estmnat.. Apr-85 Oct-84 Jul-84 104-AN 105-AN

Component Units MW

Ag ppm 107.868

Al M 26.98154 1.74e+00 1.25.+00 1.81..00 1.39.+00 1.74o+00

A. ppm 74.9216

B ppm 10.01

B. Pam 137.33

Be ppm 9.01218

83 ppm 20a.9804

C, ppm 40.08

Cd pam 112.41

Ce ppm 140.12

C pst 51.996, 1.30-02 1.30-02 1.30.-02

Cu pam 93.S46

F, - own 55.847 2.00-04 2.00s-04 2.00.-04

Hg psm 200.59

IC ppm 39.0983 1.5701 1.8710 183.-Cl 1.57.-Cl

La pl 138.9055

Li ppm 6.941

I Me _pm- 24.305-

Mn opm 54.938

Mo Ppm 95.94

No M 22.98977 1.20.4+1 1.20.+0l 1.20.01 1.20.+01

Nd ppm 144.24

Ni ppm $8.7

P ppm 30.97376

Pb Pom 207.2

Pd spm 106.4

Sb ppm 121.75

So ppm 78.96

Si opm 8.8

Sn ppm 118.69

To ppm 180.9479

ppm 47.9

Ii giL 238.029

V Ppm 50.9416

A-64
E.121



WHC-SD-WM-EE-004. Rev. 0

WHC-SD-WM-TI-528, Rev. 0
Table 4-3 continued.

104AN and IOSAN 86-3 84-5 4-3 Apr-85 Apr-85

Estimates Apr-85 Oct-84 Jul-84 104-AN 105-AN

Ccn, nt Unit. MW

W ppm 153.05

Zn ppm 65.38

Zr ppm 91.22

CN- ppm 26.0177

S-2 ppm 32.06

NH4+ M 18.0383

NH3 M 17.0304 2.0O-02 6.00.-03 6.99-03 2.00.-02

C03-2 M 60.0092 3.63.-1 5.26a-01 2.80.-al 4.72.-a1 3.63.-01

C- M 35.453 2.40-01 2.08-01 2.12-01 2.40.-al

F- M 18.9984

SO4-2 M 96.0576 7.80a-02 1.60-02 6.82.-02 6.82.-02

NO3- M 63.0049 3.12&+00 3.16o+00 2.72.+00 3.10.+00 3.12.+00

N02- M 46.0055 2.61.+00 1.83.+00 1.87.-00 1.92o+00 2.61.+00

P04-3 -- M 94.97136 2.00-i 3.50-02 7.O-03 2.94-02 2.00.-02

OH- m 17.0073 3.84.+00 4.18.+00 4.00..90 4.09.+00 3.64.+00

TOC gIL 12.011 4.66.+01 6.63.+01 3.03a.00 5.530+01 4.66..01

TIC gIL 12.011

SPG /mIL 1.50..00 1.51.+00 1.46..00 1.50.+00 1.50e+00

TotSoid. wt%

pH 1.35.+01 1.35s+01 1.35.+01

3H ui/L

14C uCIL

54Mn uCi/L

S9Mn uCIL

60Ca uCi/L

63Ni uCi/L

79se uC/L

90Sr uC1/L 3.95.+03 1.56.+04 1.27.+03 1.20.+04 .96.+03

94Nb ui/L

9SNb uCiL

99Tc uCi/L

103Au uCi/L

106RuRh uCi/L

113Sn uCiVL

1291 uCi/L

E. 122 A-65



WHC-SD-WM-EE-004. Rev. 0

WHC-SD-WM-TI-528, Rev, U
Table 4-3 continued.

104AN and IOSAN 83-3 64.6 84-3 Apr-85 Apr85

Eatim.tes Apr-05 Oct-84 J4O-84 104-AN 105-AN

Component Unit. MW

134C. uCI/L 1.26.+03 1.25..03 1.25.+03

137C@ WCUL 0.13+06 1.03*+06 6.24.+05 9.1S+05 6.13o+05

-is4Ceprr - C2L

154Ev UCUL

166E 1. mCUL.

226Re aCUL

234U MCUL

23SU VCfL

238t UCL

237Np uCIfL

238Pt OMCit

2391240PU UCIIL 1.04.+01 1.040+01 1.04e.01

241Am UCWL 1.14.+04 1.14s.04 . 14.+04

242CM UClL

243Cm UC/L

244Cm UC/L

TB uC/L

AT uCIL

Voi.e, L 46.406 2.99+O 5.62.+05 401..06 
3
.68e+06

- .al nI

E. 123A-66



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528. Rev. 0

TABLE 5-1: Radioisotope Decay Data'

Specific AotIOy

Radiond "..) I.m. dp11C9 Daughmter Iby de..y mode)

3 H 1.23.+01 y ."+08 2.18.+16 9.6&+03 Bet. 3H.

14 C 6.73o+03 y l.81.+I 1.11a+12 4.46+00 Bet. 14N

32 P 1.43.+01 . 1233792 6.34,+17 2.384+06 Bet. 325

35 s 8.72.+01 d 7634080 9.60.16 4.28.+04 Bt. 36CI

51 C, 2.77.+01 d 2393626 2.06.+17 9.24.+04 EC LIV

54 Mn 3.12.+02 d 26974000 1.72.+16 7.74.+03 EC 64C4

55 F. 2.73.+00 y 8149889 5.29.+16 2.30.+03 EC SSMn

59 F. 4.45.+01 d 3845684 1.10.+17 4.97.+04 Beta 59CO

5 Co 709.+01 d 6124032 7.06.+16 3.18.+04 EC ISF.

60 6 .27.+00 y 1.66..08 2.61.+15 1.13.+03 Beta 80N4

60 mCo 1.06.+01 m 628.2 6.64.+20 2.99.+0@ IT.Bet 60Co 199.75%). 0*NI 10.25%I

59 NI 7.60..04 y 2.40s+12 1.77.+11 7.97.-02 EC S9CO

63 N1 1.00.+02 y 3.16.+09 1.268+14 6.67.+01 Bet. 83Cu

65 Zn 2.44.02 d 21084320 1.83.+16 6.24..03 EC OsCu

67 G. 3.26+00 d 281760.4 1.33.e8 5.980+06 EC 672n

75 S. 1.20.+02 d 10348992 3.23.+16 1.45e+04 EC 75A.

79 S. 6.60.+04 y 2.06.+12 l.66+.11 6.96-2 Bet. 798r

85 Kr 1.07.+01 y 3.39+01 .70*+14 3.92.+02 Bets 85Rb

86 Rb 1.87.+01 d 1611360 1.01.+17 8.14.+04 Beta 6sr

89 Sr 5.05.+1 - d 4384928 6.45..16 2.90.+04 Bet. S9Y

90 Sr 2.91..01 y 9.18e+08 3.03.+14 1.3602 Bet. SOY

90 Y 2.67.+00 d 230774.4 1.21.+18 5.43.+05 Bets 90Zr

91 Y 5.85.+01 d 6056264 5.44.+16 2.45.+04 Bet. 91z'

93 2, 1.6&.+06 y 4.735.13 6.6+009 2.66-"3 Bet. 93Nb

96 Zr 6.40*+01 d 553132B 4.77.+16 2.16.+04 Bet. ,6Nb

93 MNb 31.+01 y 5.0Be+08 5.30.+14 2.39.+02 IT 93Nb

94 Nb 2.00.+04 y 8.31e+11 4.22.+11 1.900-01 Beta 94M

95 Nb 3.50.+01 d 3021408 0.72.+16 3.93.+04 Bet. 961M

99 Tc 2.13+05 y 6.72.+12 3.76.+10 1.70.-02 Bet. 99RU

Reference: Walker et al., 1989

A-67

E.124
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WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 5-1 continued.

Specific Actvty

Radionucid. Half-fe Half-Ire Dcay(b
(t.) fi (.cond. dpm/g C11g mode Daught. (by decay mdel

99 mT 6.01I+00 h 21621.6 1.17.+19 5.27+06 IT 99Te

103 Ru 3.93.+01 d 3392928 7.17.+16 3.23+04 sets to3Ah

106 Ru 1.02.+00 y 32187071 7.34e+15 3.31.+03 set. 10611

103 Ah 5.61.+01 m 3367.2 7.22.+19 3.26.+07 IT TOWN,

106 ft 2.100+00 b- 7848 3.01.+19 I.366+07 setA 106N

107 Pd 6.60.+06 y tO.e,+14 1.14@+0§ 5.14-04 Bet 107Ag

110 Ag 2.460+01 * 24.6 9.216+21 4.17,+09 B-t..EC Il0Cd (99.7%I. 1IOPd 10.3%)

10 mA9  2.50.+02 d 21382720 1.05.+16 4.7U1+03 8es.17' 11OCd 198.64%1. 1aAg (1.36%)

It3 mcd 1.41+01 y 4.46@+0@ 4.96+14 2.24.+02 e.a.? 1131n (99.9%). 13Cd I0.1%I

Its MC 4.46e+01 d 3833440 5. . I6 2.556+04 BetsI ISin

113 min 1.66+00 h 1966.8 3.71e+19 1.67.+07 IT 1I31n

114 min 4.95.01 d 4277664 .14.+16 2.31*+04 IT.EC 1149m (96.7%). 14Cd 14.3%I

113 Sn 1.15.+02 d 9944640 2.23@+I6 1.000.04 EC 113n

117 Mns. 1.3b+01 d 117304 1.82.+17 6.20@+04 IT 117Sn

119 mS" 2.93*+02 d 21315200 8.31l.15 3.74.+03 IT ji9s.

121 msn 5.50.+01 y 1.74.+09 1.19a+14 5.37*+Dl IT.Bta 121Sn (77.6%1. 121$b (22.4%)

123 Be 1.29*+02 d 11162600 t.82.41s 6.22.+03 B1le t23Sb

125 Sn 9.63o+00 d 832032 2.41.+17 1.086+05 Bata 12SSb

126 Sn 1.00.+06 y 3.l6*+12 6.30o+10 2.84.-02 Beta 126Sb

124 Sb 6.02,+01 d 5201280 3.86.16 1.75e+04 Bet. 124T.

125 Sb 2.76.+00 y 87033478 2.30..15 1.04@+03 sets 125T.

126 Sb 1.24.+01 d 1071360 l.O6a+17 8.36.+04 Bata 128T.

126 rSb 1.90.+01 AN 1140 1.74e+20 7.dSe+07 IBet.1 126T 186%). 126S 114%)

123 mT. 1.20.+02 d 10342060 1.97e+6 6.87s+03 IT 123T.

125 mTe 6.80.+01 d 6011200 4.00+16 1.80+04 IT 125T.

127 Te 9.409+00 h 33840 6.834+18 2.62.+06 BAts 1271

127 mT. 1.09.+02 d 9417600 2.09e16 9.43@+03 IT.Bet. 227T (97.6%). 1271 2.4%1

129 T 1.16.+00 h 4176 4.65+19 2.09*+07 Beta 1291

129 rTo 3.36+01 d 29: '40 6.69.+16 3.01l+04 M7.et. 129T. (64%1. 1291 (36%I

125 I 6.010+01 S 5196096 3.86.+16 .. 14*+04 EC 126T.

129 I 1.57e+07 y 4.95.14 3.92*+08 1.760-04 Bet. 129X.

131 1 8.04.+00 d 694656 2.75.+17 1.24.+05 Beta 130Xa

A-68

E.125



WHC-SD-WM-EE-004, Rev. 0

WHC-SD-WM-TI-528, Rev. 0
TABLE 5-1 continued.

bS&ln Actvt

RadHotwelide HaItDD hers my &'*ay mele)
Its.) 4666"Wal ClN Cw lgl

133 X. 6.24.+00 d 462095.2 4.16*+17 1.87.+O 11"a 133Ce

134 C. 2.07.+00 y 0516460 2.7.+15 1.291+03 Be" 134B8

135 C. 2.30.+06 V 7.26.+13 2.56+01 1.15-03 Bst. 1358.

137 C. 3.02.+01 T 9.52.+06 1.92*+14 S.W.0I Be". 137n,8. 1370m

137 Ms. 2.55+00 Ill 163.12 1.19.+21 6.39*+06 IT 137Bt

141 C. 3.25+.01 d 2009000 6.32.+16 2.6k+04 Bata 141Pr

144 Ce 2.05.+02 d 24111440 7.07e+16 3.19.+03 Beta l4aPr

_.4a .P 1.36&+01 . _ 1172448 1.42m+17 . 73.+Dh ft. 143Nd

144 Pr 1.73.+01 m 1036.0 1.68.+20 7.60+07 Bet. 144Nd

144 mPr 7.20..00 - 432 4.03.+20 1.01.+00 It.lt. 144Pr (99.96%), 144Nd (0.04%)

146 Pm 6.53.+00 y 1.75.+08 9.83.+14 4.43.+02 ECBt. 146Nd 166.1%). 146Sm (33.9%)

147 Pm 2.62.+00 y 82785941 2.06.+15 9.27.+02 Bet. 147Sm

148 PM 6.37*+00 d 463968 3.65.+17 1.64.+05 Beta 140Sm

148 -#A - 4-13t01 d --- 356745-- -4.4-1- -. 4+04 . 146SM 195.4%). 148P1 (4.6%1

151 Sm 9.90.+01 V 2.84"+09 6.840+.13 2.13s+01 Bet. IS1EU

152 Eu 1.35.+01 y 4.26s.08 3.07,+14 1.74.+02 EC.8. 152Slm (72.08%I.4520d
127.92%)

164 Eu 8.59.+00 y 2.71o+08 8.000+14 2.70.+02 Bet. 1540d

155 Eu 4.71.+00 y 1.49.+08 1.090+16 4.90+02 B.C. ISSOd

163 Gd 2.42.+02 d 20874240 7.84.+16 3.63.+03 EC 153E.

160 Tb 7.23..01 d 6248720 2.61..16 1.130+04 Bt. 160Dy

192 I, 7.3B.+0I d 6370912 2.04.+16 9.21.+03 Bet..EC lE2Pt (96.4%). 1920. (4.6%I

201 TI 3.04..00 d 262403.2 4.76.*17 2.14.+05 EC 201H9

207 Ti 4.77e+00 a 286.2 4.23h+20 1.90.+08 Bets 207Pb

208 TI 3.05.+00 Ca 183.18 6.7.+20 2.96*+0@ Bata 208fP

209 Pb 3.260+00 PC 11710.8 1.02.+19- 4.loe+06 Bete 209I

211 Pb 3.61.+0I m 2166 6.40s+19 2.47e+07 Beta 2116

212 Pt 1.06&+01 h 38304 3.01.+18 1.39.+06 Bat. 212M1

211 B6 2.14.+00 a 128.4 9.24.+20 4.16.+08 Alpha. Set. 207TI (99.72%). 211Po (0.273%1

212 Di 1.01.+00 h 3632.4 3.2.+19 1.4.+c07 Alpha. Bet. 208T1 (35.94%1. 212Po (64.00%1
213 Bi 4.56.+01 m 2735.4 4.30.+19 1.94e.+07 Mphc. Beta 209T (2.16%1. 213P. 197.84%)

212 Po 2.9.-07 . 2.98.-a7 3.98.+29 1.7998+07 Aipc 208Pb
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TABLE 5-1 continued.

Specilic Activity

Rad mcide Half-lifenai dpHafg Clif Day Daught.re (by decay mod.)

213 Pb 4.00.-Og a 0.000004 2.94o+26 t.320+16 Alpha 209Pb

215 Pe 1.70.-03 a 0.00178 6.54.+25 .960+13 Alpha 211Pb

216 P. 1.46.-1 a 0.145 8.00+23 3.oe+oll Alpha 212Pb

217 At 3.20"-2 a 0.032 3.61+24 1.62e+12 Alpha 22V39

219 Rn 3.96.400 a 3.96 2.8%e+22 1.30.+10 Alpha 215Pe

220 Rn 5.56+01 a 66.4 2.054+21 9.22o+00 Alphe 21fPo

222 an 3.82.00 d 330368.4 3.41+17 1.540+05 Alpha 218PA

221 Fr 4.80.+00 a 286 3.93@+20 1.77e+08 Alpha 217AI

223 Fr 2.18+0 a 1306 LS..9+19 3.87a.07 let, 223R*

223 Re 1.14+01 d 987984 .14.+17 5.12n.+04 Alpha 219Rn -

224 Re 3.6&+00 d 316224 3.S4.+17 1.59.+05 Alpha 220Rn

225 Am 1.49.+01 d 1287360 6.6a.+16 3.89e+04 8.ts 22SAc

226 An 1.800+03 y 1.050.10 2.198+12 9.89-01 Aloha 2 22Rn

228 Rd 5.76e+00 y 1.82*+06 6.04.+14 2.72o+02 Saa 228Ac

225 Ac 1.000+01 4 864000 1.29.+17 6.80+04 Alpha 221F,

227 Ac 2.18o+02 y 6.87.06 1.61.+14 7.23,+01 Rata.Alpha 227Th 98,62%). 223Fr 1.38%)

228 Ac 6.150+00 h 22140 4.941. 16 2.23.+06 Seta 225Th

227 Th 1.87+01 d 1817408 8.82..16 3.070.04 Alpha 223R.

228 Th 1.91+00 y 60388036 1.82.+15 .20e+02 Alpha 22 4
Ra

229 Th 7.30.+03 y 2.30..); 4.76a+It 2.14-01 Alpha 225RA

230 Th 7.54a+04 y 2.38-+12 4.5a.10 2.06@-02 Alpha 226A.

231 Th 1.06+00 d 91843.2 1.18+18 . 5.32s.06 set. - 31 P4

232 Th 1.40+70 y 4.42a+17 2.44e+06 1.104.07 Alpha 22BR

234 Th 2.41a+01 d 2062240 5.14+16 2.32a+04 set. 234Pa

231 Pe 3.28o+04 y 1.03a+12 1.050+f11 4. 7
2a. 0 2 Alpha 227Ac

233 Pa 2.70s.01 d 2332600 4.+ 6 2.06.+04 seta 233U

234 ePa 1.17e+00 ' 70.2 1.52.+21 6.87.+08 Sat.T 234U (99,87%l. 234Pa 10.13%)

232 U 7.00+01 y 2.21a+09 4.8t+t3 2.200+I Alpha 229Th

233 U 1.59k+05 y 5.02*+12 2.14.+10 9.64".03 Alpha 229T

234 I 2.46.+01 y 7.76.+12 1.38.+10 6.21".03 Alpha 230Th

231 U 7.04*+0@ y 2.2216 4.80.+06 2.18.06 Alpha 231Th

236 U 2.34.+07 y 7.39.+14 f.44e+08 6.47.-OS Alpha 232Th
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TABLE 5-1 continued.

Specific Activity
Half-if, KAff Desy
(4d-1 (860cd.1 dpaup Dmuehtarc [by dacay model

238 U 4.47+09 y 1.41.+17 7.46,+06 3.36-07 Alpha 234Th

230 Np 1.556+06 y 4.89+12 2.17*+10 .77-03 EC.BotaAlph 23SU.236Pu.232P. 19118.9/0.2%1

237 Np 2.14.+06 y 6.75.+13 1.5.+09 7.0G.-04 Alpha 233Pa

239 Np 2.36.+00 d 203472 6.15.+17 2.32.+06 Seto 239Pu

236 Pu 2.V7.00 y 90687832 1.17.+16 5.28.+02 Alpha 232U

238 Pu S.77.+0l y 2.77.+09 3.60.+13 1.71.+01 Alpha 234U

239 Pu 2.41o+04 y 7.8l.+1l 1.36+11 6.20.-02 Alpha 236U

240 Pu 6.56.+03 y 2.07*+ll I.04.+11 2.27-01 Alpha 236U

241 Pu 1.44.+01 y 4.54.+06 2.2" + 14 1.03.+02 Beta 241Am

242 Pu 3.76..05 y 1.18.+12 8.74.+0§ 3.94e-03 Alpha 230U

244 Pu 8.00*+07 y 2.52.+15 4.07.+07 1.83@-OS Alpha.SPF 240U(99.85%.fl.s.prod(0.125%

241 Am 4.33.+02 y 1.37.+10 7.61*+12 3.432+00 Alpha 237Np

242 A. 1.60+O1 h 57672 1.79.18 8.060+06 Beta.EC 242Cm 162.7%1. 242Pu (17.3%)

242 mAm 1.41.+02 y 4.46.+09 2.33&+13 1.056+01 IT;Alpha 242Am (91.65%. 238Np (0.46%)

243 Am 7.37..03 y 2.33.+1l 4.43.+11 2.00.-01 Alpha 239Np

242 Cm 1.63.+02 d 14065920 7.36.*1 3.31.+03 Alpha 238Pu

243 Cm 2.91.+01 y 9.18.+08 1.12.+14 6.06.+01 Alpha.EC 239Pu (99.76%). 243Am 10.24%)

244 C. 1.81.+01 y 5.71.+08 1.80.+14 8.09+l Alpha 240Pu

245 Cm 8.50*+03 y 2.68.+11 3.81a.11 1.72.-01 Alpha 241Pu

246 CV 4.76.+03 y 1.50.+11 8.78..+1 3.05.-01 Alpha 242Pu

247 Cm 1.56+07 y 4.92.+t4 2.06+70B 9.280-05 Alpha 243Pu

248 Cm 3.46+05 y 1.10.+13 9.196+09 4.14.-03 Alphl.SPF 244Pug91.74%l.fias.prodf(.26%)

252 Cf 264a+00 y 83246670 1.19*+16 5.3.+02 Alpha.SPF 248Cm(96.908%).ti..prd(3.092%)
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Appendix F

Permanent Isolation Barrier and Warning Marker Systemla,

C. T. Kincaid, Pacific Northwest Laboratory

F.1 Introduction

A multi-year program entitled the "Hanford Site Permanent Isolation Barrier Development Program
(BDP)" has been organized to develop, test, and evaluate protective barrier and warning marker systems
for use at Hanford. Initial work on barriers at the Hanford Site was begun in the early 1980s and focused
primarily on constructability of surface covers (Phillips et al. 1985). Direction for the overall program
was first formulated and published in a program plan by Adams and Wing (1986). That plan has been
updated in Wing et al. (1992). Material for this appendix, which describes the isolation barrier and
marker system, has been drawn from these program plan documents, a peer review report (Wing 1992).
and the testing and monitoring plan for a prototype barrier (Gee et al. 1993).

The Operations and Engineering Contractor for the U.S. Department of Energy's (DOE) Hanford
Site, Westinghouse Hanford Company (WHC), and DOE's Research and Development C ontractor for the
Hanford Site, Pacific Northwest Laboratory (PNL), are jointly developing and testing protective barrier
and warning marker systems. Permanent isolation barrier and warning marker systems use engineered
layers of natural materials to create an integrated structure with redundant protective features. The
emphasis of this program has been on the development of barriers and markers for above-grade (mounded
barrier) application to existing waste sites where the soil profile should not be disturbed. However, the
barrier design described herein is also relevant and applicable to barriers at new waste disposal sites such
as the Hanford Grouted Waste Facility. Drawings of conceptual permanent isolation barrier and warning
marker systems are shown in Figures F.I and F.2. The natural construction materials (e.g., fine soil, sand,
gravel, rip-rap, clay, asphalt) have been selected to optimize barrier performance and

(a) In April 1993 a new prototype design for the permanent isolation barrier was issued. It differs
from the design described in this appendix. Certainly, as data are gathered and the performance
of the 1993 prototype is assessed, the design will be revised. Since one cannot assert that any
design described here is final (i.e., because it will be constructed during site closure), it has been
decided not to revise this text. The interested reader can obtain the new prototype design by
acquiring the following report: WHC. 1993. Prototype Surface Barrier at 200-BP-1 Operable
Unit, WHC-SD-EN-TI-142, Rev. 0, prepared by Kaiser Engineers Hanford for Westinghouse
Hanford Company, Richland, Washington.
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Figure F.I. Conceptual Permanent Isolation Surface Barrier and Warning Marker System for an Above Grade Application
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Figure F.2. Isolation Barrier and Warning Marker System

longevity. The objective of current designs is to use natural materials to develop a maintenance-free per-
manent isolation barrier and waning marker system that isolates wastes for a minimum of 1.000 years by
limiting water drainage to near-zero amounts; reducing the likelihood of plant, animal, and human intru-
sion; controlling the exhalation of noxious gases; and minimizing erosion-related problems.

F.1.1 Short-Term versus Long-Term Barriers

Existing short-term -ier designs currntly am available (U.S. Environmental Protection Agency
(EPA) 1982, 1990]. In general, the design life of these covers is for relatively short periods, such as the
30-year post-closure period specified by the Resource Conservation and Recovery Act (RCRA) of 1976.
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The performance of barriers during this relatively short period can be monitored, and maintenance activi-
ties can be performed to correct any problems that might be encountered. However, there exist waste
management situations in which it is desirable to isolate wastes for much longer periods than the 30-year
post-closure period (i.e., hundreds to a thousand years). For these waste management situations, the
relatively short-term (RCRA) designs are not satisfactory. For example, many synthetic construction
materials that might be effective for tens of years (e.g., geosynthetics) cannot be relied on to perform sat-
isfactorily (or even exist) over 1,000 years. Consequently, a need arises for a long-term, permanent iso-
lation barrier.

F.2 Performance Objectives

To direct the development of protective barrier and warning marker systems, performance objec-
tives for the barriers and markers have been defined. The following list summarizes these performance
objectives. The objectives are intended to be broad enough to encompass the various regulatory require-
ments for the types of wastes anticipated to be disposed of in shallow land deposits using barriers at the
Hanford Site and other DOE sites in the arid and semiarid western United States.

Functions in a semiarid to subhumid climate

_ Limits the rtcharne of water through the waste to the water table to near-zero amounts; a
long-term annual average of 0.05 cm (0.02 in.) of water per year [i.e., a drainage rate of
approximately 2 x I0 cm/s]

* Remains mainteriance free by minimizing the likelihood of plant, animal, or human intrusion,
and minimizing the likelihood of wind and water erosion

* Lasts for a minimum of 1.000 years.

The BDP goal has been to provide defensible evidence tiat final barrier design(s) will control water
infiltration; plant and animal intrusion; and wind and water erosion for a minimum of 1,000 years and
will protect human health and the environment in accordance with applicable or relevant and appropriate
requirements. In the event that institutional control is lost, warning marker systems will be provided to
inform inadvertent human intruders (Adams and Kaplan 1986; Kaplan and Adams 1986).

The protective barrier is designed to prevent or minimize contaminant migration to the accessible
environment through the following pathways (Figures F.3 and F.4):

F.4
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Figure F.3. Potential Problems of the Current Waste Management Situation

* Water infiltration--the infiltration and percolation of water through the waste zone leading to
the leaching and subsequent transport of radionuclides and other contaminants to the water
table.

* Biointrusion--the penetration of deep-rooting plants and burrowing animals into the waste
zone below. The deep-rooting plants could draw radionuclides and other contaminants into
its root system and subsequently translocate the contaminants to the above-ground portion of
the planL The contaminants in the above-grade portion of the plant could then be dispersed
by wind or by animals that eat the plants. Animals burrowing directly into the waste zone
could contact contaminants an .uiwequently bring them to the earth's surface as part of the
soil castings. Erodible loose soil, cast to the surface by ourrwing animals, could contribute
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Figure F. Cross Section of a Conceptual Permanent Isolation Barrier and Warning Marker System

to accelerated erosion of the fine-soil surface layer. In addition, the presence of animal bur-
rows may provide preferential pathways for infiltrating water to gain access to the waste
zone.

Wind and water erosion--the removal of the surface soils at a waste site from the effects of
erosive forces. Erosion-related problems could provide a direct pathway for contaminant
transport if the-erosive forces are strong enough to remove the surface soils and expose the
buried wastes to the accessible environment. A more probable scenario is for wind and water
erosion to reduce the thickness of soils overlying a waste zone such that another transport
pathway (i.e., water infiltration) becomes a more serious concern.

* Human interference--the inadvertent or intentional intrision of humans into the waste sites
(assuming institutional control is lost) and subsequent dispersion of contaminants.

* Gaseous release--the diffusion of noxious gases from the waste zone to the accessible
environment.
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F.3 Barrier Design

Engineered barrier and marker systems have been proposed to protect wastes disposed of in shallow
land deposits from the transport pathways identified above. The protective barrier and warning marker
systems consist of a variety of different materials (e.g., fine soil, sand, gravel, rip-rap, asphalt, clay, etc.)
placed in layers to form an above-grade mound or at-grade profile directly over the waste zone. Surface
markers are placed around the periphery of the waste sites to inform future generations of the nature and
hazards of the buried wastes (see Figure F1). In addition, throughout the protective barrier, subsurface
markers are placed to warn any inadvertent human intruders of the dangers of the wastes below (Fig-
uwe F.5).

The protective barrier design consists of a fine-soil layer overlying other layers of coarser materials
including sand, gravel, or basalt rip-rap. Each of these layers shown in Table F.1 serves a distinct pur-
pose. The fine-soil layer acts as a medium in which moisture is stored until the processes of evaporation
and transpiration can recycle excess water back to the atmosphere. The fine-soil layer also pmvides the
medium for establishing plants that are necessary for transpiration to take place. McGee Ranch silt loam

Subsurface Markers

R7581illi

-. 4 'k0"~ 0w~ * C

S9211085.6

Subsurface Markers

Figure F.5. Placement of Surface and Subsurface Markers
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Table F.I. The Vertical Layering and Materials of the Protective Barrier
Layer

Thickness

Gravel

Asphalt

CommentDescription

McGee Ranch
Silt Loam

Sand Filter

Gravel Filter

Basalt Rip-Rap

is currently the fine-soil of choice because it will create a favorable environment for containing the bio-
logical cycles in the upper portion of the barrier, thereby reducing biointrusion into the lower layers. The
coarser materials (i.e., successively coarser sand, gravel, and basalt rip-rap) that arm placed directly below
the fine-soil layer create a capillary break that inhibits the downward percolation of water through the
barrier. The coarser materials will also help to deter inadvertent human intruders from digging deeper
into the barrier profile. A low-permeability layer placed in the barrier profile below the capillary break is
included in the protective barrier design. The purpose of the low-permeability layer is to divert any per-
colating water that gets through the capillary break away from the waste zone, and to limit the upward

F.8

2 m
(6.6 ft)

15 cm
(5.9 in.)

30 cm
(11.8 in.)

50 cm
(20 in.)

The McGee Ranch silt loam will be placed in two lifts; 1.0 m (3.3 ft) of
clean silt-loam soil will be placed immediately above the sand filter, then
1.0 m (3.3 ft) of silt mixed with pea gravel will be placed and shaped to the
grade elevation of the site.

This sand will act as a hydraulic filter between the overlying silt and the
underlying crushed rock gravel. A woven geotextile is to be installed
between sand and silt layers.

This crushed rock gravel filter will act as a hydraulic filter between the
overlying fine sand filter and the underlying fractured basalt core of the
barrier system.

The fractured basalt rip-rap is the primary capillary break in the isolation
barrier system. This media is to have a minimum of fines in its grain size
distribution to ensure a considerable open porosity. The physics of unsat-
urated water flow require water to nearly reach saturation in the silts over-
lying the sand filter before water will enter the sand, and to nearly reach
saturation in the sand overlying the gravel filter before water will enter the
gravel.

This gravel layer acts as a cushion betweei) the basalt rip-rap and the
asphalt. It ensures against damage to the asphalt during placement of the

basalt.

Asphalt is placed in two lifts to provide added assurance that adequate com-
paction is achieved. In addition, this ensures that preferential flow does not
occur through single joints or-localized areas of lower integrity (e.g., lower
compaction or higher conductivity) in a single layer.

30 cm
(11.8 in.)

15 cm
(5.9 in.)
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movement of gases from the waste zone. The low-permeability material of choice is asphalt, which is
hydrophobic (i.e., not wetted by water) and should be an excellent redundant barrier to recharge.

Because the barrier must perform for at least 1,000 years without maintenance, natural construction
materials (e.g., fine soil, sand, gravel, cobble, crushed basalt rip-rap, asphalt, clay, etc.) have been
selected to optimize barrier performance and longevity. Most of these natural materials are available in
large quantities on the Hanford Site and are known to have existed in place for thousands of years or
longer. In contrast to natural materials, the ability of man-made construction materials to survive and
function properly for a thousand years is not known. Because of this uncertainty, man-made construction
materials are not relied upon in this design.

The need for a maintenance-free barrier that lasts for a minimum of a thousand years necessitates
the use of passive, as opposed to active, systems. Active systems are impractical because they require
human involvement to operate, monitor, and maintain. For example, a leachate collection and removal
system requires monitoring the collection of leachate and removing it from the collection system using a
sump pump or similar device. The various components of the leachate collection and removal system
will also need to be maintained periodically. This level of human activity over long periods of time is
impractical.

The permanent isolation barrier is intended to remain functional throughout its design life without
human iniervennon. Consequently, in designing a permanent isolation barrier, it has been important to
understand the natural processes that am expected to act on the barrier during its design life. Knowledge
of how natural processes affect barrier performance has resulted in a design that passively meets design
and nerformance ohiectives.

F.4 Results of Barrier Development Program Research

During the period from 1986 through 1990, laboratory and field research efforts were undertaken
by the BDP. The results of this research and findings to date are briefly summarized below.

F.4.1 Water Intrusion Control

At the Field Lysimeter Test Facility (FLTF) and the Small Tube Lysimeter Facility (STLF), studies
am under way to quantify water balance under conditions that are currently found at Hanford waste sites
and under conditions that may exist when surface isolation barriers are emplaced (Gee et al. 1989;
Campbell et al. 1990; Campbell and Gee 1990; Sackschewsky et al. 1991; Waugh et al. 1991). These
lysimeter studies are perhaps the most precise water balance studies conducted at an arid site to date.
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F.4.1.1 Field Lysimeter Test Facility

Constructed in 1987, the FLTF consists of 14 large-diameter drainage-type lysimeters 3-m (9.8-ft)
and 1.5-m (4.9-ft) deep, weighing lysimeters, and 6 additional clear plastic lysimeters (Gee et al. 1989;
Campbell et al. 1990; Campbell and Gee 1990). Seven barrier treatment alternatives are being evaluated
in this program. These alternatives all rely on a soil textural break to provide the infiltration barrier based
an the outflow-law for soiLwater proposed by Richards(1950) The outflow law limits the percolation of
water from a fine-textured soil, which exhibits a high capillary pressure, to a coarse-grained, clean sand or
gravel, which exhibits a very low capillary pressure; as a result, moisture will be retained in the overlying,
fine-textured soil until the water content in the soil approaches saturation. The observations in the FLTF
lysimeters demonstrate the need for at least a 1-m (3.3-ft) upper layer of fine soil with surface vegetation
to enhance evapotranspiration. If vegetation is absent and a substantial sand or gravel layer is on the sur-
face, precipitation has penetrated deeply and eventually drained through these lysimeters.

Through lysimeter experiments and modeling it has been shown that the silt-loam soil profile will
recycle two and three times the normal precipitation from either vegetated or vegetation-free sites
(Cadwell 1991; Waugh et al. 1991). Thus, for both natural fine soil (i.e., silt) profiles and a protective bar-
rier using fine soils, virtually no net recharge would occur, and the currently used limit for recharge of
0. I cm/yr (0.04 in.) or less could be applied indefinitely (Fayer et al. 1985; Fayer 1987; Fayer, Rockhold
and Holford 1992).

F.4.1.2 Plant Transpiration/Evapotranspiration

In 1989 and 1990 the evaporation, evapotranspiration, and carbon dioxide exchange rates for the
McGee silts were obtained with and without cheatgrass for use in water balance models. Once again, it
was shown that vegetation significantly reduces water penetration and can be effective in preventing
drainage (Link et al. 1990; Link et al. 1992a, 1992b).

F.4.1.3 Diversion Barrier Testing

Using the STLF, the effectiveness of asphalt and clay/grout barriers is being evaluated. To date, all
of these barrier systems have prevented surface moisture from passing through the lysimeters (Freeman
and Gee 1989a, 1989b; Relyea, Sackschewsky and Waugh 1989).

F.4.2 Biointrusion Control

One or more components of the prototype barrier should be an effective deterrent to animal burrow-
ing and root intrusion. Evaluations of animal burrowing and root intrusion impacts on protective barriers
are being conducted to determine parameters on the extent and nature of burrowing and intrusion that -
occur during the life of the barrier.
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F.4.2.1 Small Mammal Intrusion Studies

An animal intrusion lysimeter facility (AILF) was constructed in 1988 to assess the effects of small
mmtnal burrows on the infiltration of precipitation through soil layers such as may be used in the barrier.
Data from lysimeter tests completed thus far indicate that no significant differences occurred in the water
content at depth in soils with and without burrows. Additionally, the maximum depth of burrow penetra-
tion always exceeded 122 cm (4 ft) and typically reached the bottom of the lysimeters (Landeen 1990,
1991).

F.4.2 Large Mammal Intrusion Studies

Measurements obtained in 1989 and 1990 indicate that during natural rainfall, precipitation pene-
trates deeper beneath and adjacent to badger burrows. However, enhanced evapotranspiration in the
proximity of the burrows leads to a rapid loss of this moisture (Cadwell, Eberhardt and Simmons 1989).

F.4.2.3 Root Intrusion Studies

Vegetation will function as an important component of the protective barrier, both to stabilize the
soil surface and to extract soil moisture from the soil and recycle it to the atmosphere through evapotrans-
piration. For the prototype barrier design, in which fine soils overlie graded layers, the optimal root dis-
tribution for barrier function will be one in which roots fully exploit the fine-soil layer. However, the
establishment and growth of deep-rooted plants on the barrier presents the possibility of intrusion of plant
roots into the wastes and subsequent biotic transport of hazardous materials.

Based on limited small-diameter soil and root cores obtained in 1990, it was observed that grass
roots dominate the upper 20 cm (8 in.) of the soil, while shrub roots dominate the soil below this level.
The deepest penetrating roots (tumbieweeds) would extend to a depth of 100 cm (3.3 ft), which is well
into the typical buried waste site, if an effective root barrier is not employed.

F.4.3 Erosion/Deposition Control

Erosive stresses on the 200 Area plateau of the Hanford Site will impact actual waste site barriers.
The BDP is conducting rsearch to 1) monitor the surface layer as it ages under exposure to natural condi-
tions; 2) measure actual rates of surface deflation or inflation: 3) obtain micm-meteorological information
about erosive, or shear, stresses that impact the barrier, 4) obtain information about abrasive sand particle
scouring (saltation); 5) create a sand dune and monitor the impact on surface erosion, plant community

iability, and soil reservoir water balance; and 6) study erosive impacts after an artificial wildfire removes
all surface vegetat
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F.43.1 Field Study of Gravel Admixture, Vegetation, and Soil

Six field plots were constructed in 1986 to evaluate the effect of varying surface treatments on plant
growth and resistance to wind and water erosion. The data indicate that the gravel admixture does not
limit vegetative growth or lead to an increase in the soil moisture beneath the admixture (Last et al. 1987;
Waugh 1989; Waugh et al. 1990).

F.4.3.2 Small-Tube Lysimeter Tests

The small-tube lysimeter facility (STLF), containing 105 lysimeters, was constructed in 1988 to
evaluate root penetration depth and infiltration from alternate erosion-resistant surfaces. Significant
among the observations was the finding that a gravel surface with no vegetation will lead to significant
infiltration of precipitation, regardless of the soil type underlying the gravel (Relyea, Sackschewsky and
Waugh 1989; Sackschewsky et al. 1991).

F.4.33 Wind Erosion

Wind tunnel studies performed in 1990 indicated that the McGee silts are subject to significant
deflation unless stabilized by vegetation or a gravel/soil cover. The addition of 15% to 30% pea gravel to
the native surface silts halted wind erosion by providing a surface armor that simulates naturally occurr-
ing desert pavement (Ligotke 1988; Ligotke and Klopfer 1990).

F.4.3.4 Water Erosion

Small plots equipped with run-off flumes were tested at the McGee Ranch to demonstrate the effec-
tiveness of the gravel admixtures in limiting erosion of the silts. Preliminary results indicate that the
admixture reduces raindrop-splash induced erosion (Walters, Hoover and Cadwell 1990; Hoover, Cadwell
and Walters 1990).

Erosion studies have shown that soil surfaces, once armored with rock, resist further erosion under
the influence of arid or semi-arid climates. The surface soil of the Hanford Protective Barrier is designed
to include a rock fraction, i.e., a pea-gravel admixture. Thus, if and when wind erosion removes the fine
soils at the surface, a rock armoring will remain as a surface armoring to preclude further wind erosion.
The nominal thickness of rock armoring required to defeat the wind erosion process is estimated to be
2 rock diameters or a maximum of 10 cm (3.9 in.). Conservatively, it is estimated that wind erosion may
remove between 10 and 50 cm (3.9 and 19.7 in.) of fine soil during the creation of the armor surface. The
creation of a desert pavement surface will leave at least 1.5 m (4.9 ft) of fine soil; an amount research has
shown is ample to minimize infiltration into waste sites at arid sites such as Hanford.
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F.4.4 Summary

These studies have aided in the selection of the cover materials and the quantification of water bal-
ance for a combination of selected soil-layer sequences. The deposit of silt-loam soil at the McGee Rangh
location on the Hanford Site has been identified as the source of material for the fine soil. Sand and
gravel filter layers have been identified as essential to prevent the migration of the fine soil into the pore
space of the basalt rip-rap. An asphalt subsurface layer is currently proposed as a redundant water diver-
sion that would prevent drainage of water below the multilayered soil barrier system for a thousand years
or more.

F.5 Intrusion and Land Use Scenarios

F.5.1 Short-Term Human Intrusion Scenarios after Institutional Control

Markers will be placed in the protective barrier to wam those who would, for any reason, disturb
the buried wastes (Adams and Kaplan 1986; Kaplan and Adams 1986). Absolute assurance can not be
given that future generations would understand the warning or adhere to it. Thus, human intrusion
scenarios may develop regaiding the materials that comprise the protective barrier. Earthen materials in
the barrier that have intrinsic value to society include the surface gravels (included in the surface soil to
provide armoring), the silt-loam soil, and the underlying coarse rock. Possible scenarios include the
following:

Gravels or Basalt Rock as a Commodity of Interest: Consider the removal of surface gravel,
wind erosion of the silt-loam, eventual exposure of the coarse gravels and basalt-rip-rap. and
removal of this coarse material. If this scenario is credible, it requires one of two approaches:
1) completely ignore the presence of the protective barrier and simply assume a backtill soil
surface, or 2) develop a complex sequence of infiltration rates corresponding to the exposed
surface material. Complete removal of surface and deeper gravel materials is believed to be
highly unlikely; it is more likely that gravels and rock would be acquired from other abun-
dant natural deposits on the Hanford Site.

If the coarse material were removed, the redundant layer of asphalt placed at depth beneath the bar-
rier provides an extra measure of protection. Until such time as the asphalt would biodegrade,
assume a thousand years, this secondary infiltration barrier would act to divert direct infiltration.
The study of asphalt layers for secondary protection in the barrier design is currently under way
(Freeman. Gee and Relyea 1989; Freeman and Gee 1989b). This asphalt would be below the land
surface and would not :- t.posed to daily or seasonal climate variations, thus the biodegradation
rate is assumed to be the same as for the aspliai. pavement surrounding the vault.

Silt-Loam Soils as a Commodity of Interest Consider the removal of the 2-m- (6.6-ft-) thick
silt-loam surface deposit, and the exposure of underlying coarse gravels and basalt. If this
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were to occur soon after the loss of institutional control, the waste underlying the disturbed
portion of the barrier would be exposed to greatly enhanced recharge over its entire disposal
period. A relatively thick layer of coarse gravel acts as a recharge basin; thus, infiltration
through the gravel could result in drainage of a significant portion of the annual (-I6-cm/yr;
6.3-in./yr) precipitation (Smoot et al. 1989). The underlying redundant asphalt layer(s)
would then function as the primary barrier to high recharge rates. The study of asphalt degra-
dation under the Hanford Grout Technology Program has led to assumed biodegradation of
the asphalt-concrete diffusion barrier; therefore, asphalt within the isolation barrier is also
assumed to biodegrade. Thus, direct leaching of the waste at high recharge rates could occur
after approximately 1,000 years. Another key aspect to such a scenario would be the area or
portion of the barrier surface assumed to be mined by the intruder.

Agricultural Use of the Barrier Surface: consider the practice of agriculture on the silt-loam
soils. The nature of future agricultural practice must be assumed (i.e., whether erosion would
be controlled, likely crops, whether and how irrigation would be applied). All of this must be
assumed before arriving at expected values for recharge. Under this scenario, the underlying
asphalt would function as the primary barrier to net recharge past the waste form.

F.5.2 Long-Term Scenarios

Long-term scenarios range from a) pre-Hanford conditions with irrigated agriculture along the river
and natural range land at and above the 200 Area plateau, to b) extensive irrigated agriculture throughout
what is presently the Hanford Site. The role that water rights could play in the source and availability of
water is unknown. The role that wildlife refuges may play is also unknown. Protection of the natural
environment along the Hanford Reach of the Columbia River resulting from the declaration of a scenic
river area is currently being debated.

The present agricultural development of lands surrounding the Hanford Site and the proximity of
these lands to sources of water (e.g., the Columbia River and underlying basalt aquifers) contribute to a
high likelihood of agricultural development of Hanford after the Site is returned to the public domain.
Because very long-term institutional control cannot be assumed, one can assume that agricultural devel-
opment will encroach upon the waste deposits in the 200 Area Plateau. One could even assume that the
surface of the protective barrier would be farmed.

Regardless, the issue of long-term future land use seems to revolve around two options: 1) natural
recharge of an environment even if precipitation triples, and 2) irrigated agriculture that would apply sig-
nificantly greater amounts of water. It is uncertain that current irrigation practices could be sustained for
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the indefinite future, i.e., thousands of years. However, irrigation practices will evolve and with the rota-
tion of crops and evolution of agricultural practices, it is conceivable that some form of agriculture would
be conducted over the long term at Hanford.

Findings of the barrier research program are that fine-soil profiles protect indefinitely against
recharge even with up to twice the current precipitation rate. This is true for natural (e.g., layered) and
disturbed silt profiles, and for cases with or without vegetation. Thus, if natural precipitation is used in a
dry-land farming scenario, one can conclude minimal long-term recharge. If, however, irrigation is
applied according to current practices, the surface soil and vegetation/crop capacity for storing and recy-
cling water potentially could be overwhelmed, and significant amounts of recharge should be assumed.
Future irrigation methods are unknown, however, the trend is toward localized irrigation (e.g., drip irriga-
tion), and therefore, recharge through the silt-loam surface soil of the protective barrier could be assumed
to be minimal for the long-term future. Salt buildup in soils is prevented by applying sufficient irrigation
to both supply the crop requirement and leach salts down into the soil profile and away from the root
zone. Elsewhere on the Hanford Site, where silt soil profiles are not present at the land surface, greater
amounts of recharge should be assumed to correspond to future irrigation scenarios.

F.6 Estimates Of Recharge

Bauer and Vaccaro (1990) estimated groundwater recharge for the Hanford Site as part of their
study of recharge affecting the Columbia Plateau regional aquifer. Using daily precipitation and tempera-
ture data for the period 1956 through 1977, and a water budget model, they estimated recharge for
subareas of the Hanford Site ranging in size from 0.25 to 1.0 mi 2. Their model included the following
physical processes: snow accumulation and melt, interception of precipitation, surface nhoff, evapora-
tion from foliar cover, evaporation from bare soil, and plant transpiration. It accounts for the influences
of soil type, land use, plant growth, altitude, slope and aspect. The long-term (i.e.. 21-year) average of
annual recharge for the entire Hanford Site was estimated to be 0.97 cm/yr (0.38 in./yr). They estimated a
long-term average recharge rate of 0.25 to 1.3 cm/yr (0.1 to 0.5 in./yr) at the location of the grout facility
on the 200 Area plateau.

Routson and Johnson (1990) reviewed water infiltration data from a 13-year period of observation
for a closed-bottom lysimeter located in the 200 East Area, and '"Cs profile data from a solid waste bural
ground trench in the 200 West Area. They concluded that for the natural soils and vegetation of the
200 Area plateau and for areas where natural near-surface conditions could be restored, there is very little
potential for downward movement of contaminants in the upper vadose zone. The recharge rate of the
closed-bottom lysimeter was estimated to be 0.0 ± 2 mm/yr based on the 13-year record. They recom-
mended that management and cleanup efforts strive to maintawi C- -ecreate natural soil and vegetative
cover conditions.

Gee et al. (1992) reviewed all published recharge studies for Hanford and described the reasons for
highly variable observations of recharge. They describe the roles played by the three major factors of
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climate, soil, and vegetation. Clearly, recharge is directly related to annual precipitation; where recharge
is observed, more precipitation implies more recharge. Recharge has also been shown to depend on the
seasonal distribution of precipitation, with maximum recharge events occurring after the wettest winter
periods. Recharge is greatest for coarse-textured soils; least for fine-textured soils. It is greatest for
surfaces that am maintained free of vegetation; least for surfaces supporting both shallow- and deep-
rooted vegetation.

The lysimeter studies at Hanford show for present climate conditions [i.e., 160-mm (6.3-in.) annual
average precipitation], as well as for accelerated precipitation [up to 320 mm/yr (12.6 in./yr) or more],
that surface barriers consisting of more than I m (3.3 ft) of fine (i.e., silt or silt-loam) soil over coarse
subsurface materials are capable of preventing water from draining into underlying soils or wastes. Gee
et al. (1992) reported results obtained on the 200 Area plateau at the Hanford Site from lysimeters
containing silt loam. Lysimeters that were exposed to two times (2x) normal precipitation from 1987
through 1990 produced no drainage regardless of the presence or absence of plants. Unpublished data
from continued monitoring of these lysimeters, which have since been subjected to an excess of three
times (3x) normal precipitation, reveal no drainage from vegetated lysimeters but drainage through
lysimeters maintained free of vegetation. The studies have shown that deep-rooted sagebrush and tumble-
weed plants are more efficient than shallow-rooted cheatgrass in removing soil water from a soil profile.
All lysimeters with vegetation exhibit a greater ability to recycle water to the atmosphere than do bare-
soil lysimeters. All of this suggests that a 1-m (3.3-ft) deposit of silt soil is ideally suited to limit water
infiltration under the semiarid conditions of vegetation and climate at Hanford. It has also been shown
that creating an armored desert pavement by adding a gravel mix to the surface deposit of silt protects the
barrier from potential eolian erosive forces and does not degrade the water cycle performance of the bar-
rier (Waugh et a. 1990).

The design of the protective barrier accounts for the potential of wind erosion by incorporating
gravel admix in the upper silt layer. The potential for deposition of wind-blown soils is now being
addressed by the barrier program. Dunes cover a significant portion of the Hanford Site, and am pre-
dominantly a fine sand. The majority of these dunes, which lie to the south and southeast of the Grout
Disposal Facility, are vegetated to some extent, and recharge is expected to be low where vegetation is
present (Gee et al. 1992) but recharge has not been measured directly on the dune areas. At present, the
more active and least vegetated dunes lie to the southeast of the facility adjacent to the Columbia River.
It is probable that shallow-rooted vegetation is better able than deep-rooted species to adapt to the
dynamic active dune environment. As a result, infiltration and recharge at active dune locations could be
a substantial fraction of the precipitation. However, the present location of dunes, being south and south-
east and downwind of the Grout Disposal Facility, make it less probable that dune formation (deposition)
events will dominate the future and more probable that wind erosion events will dominate.

The results of research reported by Gee et al. (1992) are more relevant to the surface barrier
because it involves silt loam soils, vegetation, and climate specific to the barrier design and 200 Area pla-
teau. Thus, the interpretation of field observations and supporting simulations of the near-surface envi-
ronment, that there will be negligible or nonmeasurable recharge through an isolation barrier, is adopted.
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The net infiltration design goal for the permanent isolation barrier is 0.05 cm/yr (0.02 in.) (i.e., a non-zero
value), because the field measurement program could not achieve an absolute zero recharge goal. This
value could have been adopted as the infiltration rate for the performance assessment analysis; however. it
was doubled and the value 0.1 cm/yr (0.04 in./yr) was adopted to provide additional conservatism.
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Appendix G

Detailed Description of PORFLOW

M. G. Piepho and F. M. Mann, Westinghouse Hanford Company

G.1 Selection of PORFLOW

The criteria for selecting the PORFLOW code included consideration of the code's theoretical
framework, implementation of the theory, documentation, quality control, acceptability by the technical
community, and computation speed. The first criteria is that the theoretical framework be based on
appropriate fundamental principles of chemistry and physics (e.g., continuity). The theoretical frame-
work of PORFLOW is based on appropriate fundamental principles of chemistry and physics and well-
established constitutive equations. The second criteria, which is related to the first, is that implementation
of theory in the code be applicable to the problem being addressed. Overall. PORFLOW is applicable to
problems of unsaturated flow in dry soils. Specific modifications were made to the code allowing simula-
tion of degradation changes to engineered batriers to make a version (2.394gr) applicable for use in the
grout performance assessment (Piepho et al. 1993). The primary code changes were to allow continuous
time-dependent diffusion coefficients and the capability to model changes in hydraulic/transport proper-
ties (for example, saturated conductivities, moisture retention curves, partition coefficients) over time dur-
ing one run.

The third and fourth criteria for selection were related to documentation of the code and quality
assurance. Sufficient documentation must exist to describe the theoretical framework, computational
techniques, and user interaction with the code (including examples). The framework and computational
techniques for PORFLOW version 1.0 are documented in a WHC report (Sagar and Runchal 1990). while
a user manual (Runchal and Sagar 1992) exists for version 2.40. (Version 2.40 is essentially the same as
version 2.394gr.) The primary change in version 2.394gr was allowance of a time-dependent diffusion
coefficient for asphalt, a feature that increases the diffusion coefficient of the asphalt-concrete barrier by
six orders of magnitude (104" to 10' cm 2/s) over 90,000 years. Other changes include the ability to
change hydraulic properties (saturated conductivity, porosity, moisture retention parameters, etc.)
between SOLVE commands without having to restart.

To fulfill the requirements of quality assurance, the c ' selected must have a verification report
for the version used and be under configuration control. A number of verification and benchmarking
efforts for version 2.394gr have been performed (Piepho et al. 1993). In addition. version 1.0 was
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verified and benchmarked by Magnuson et al. (1990). Using the same procedures that were used for ver-
sion 1.0, PORFLOW version 2.4 was verified and benchmarked as part of the performance assessment
being prepared for the Savannah River Site Saltstone Disposal Facility!'

The fifth criteria is acceptance of the code by the technical community. The PORFLOW family of
codes has been used extensively across the DOE complex. Version 1.0 of the PORFLO-3 code, an earlier
version of the code, has been used at the Idaho National Engineering Laboratory to model a large organic
vapor plume (Baca et al. 1988) and to model concrete barriers (Walton and Seitz 1991). In addition, as
stated above, version 2.4 was used for the Savannah River performance assessment that is currently being
prepared. At the Hanford Site, PORFLOW has been used many times, including applications for the
Basalt Waste Isolation Project (U.S. DOE/RL 1982 and Baca et al. 1984), simulations of a single-shell
tank leak (Smoot and Sagar 1990), evaluation of liquid effluent discharges from 200 Area cribs (WHC
1990), a preliminary single-shell tank performance assessment (Sonnichsen 1991), a study of effluent dis-
posed to trenches in the 100-N Area (Connelly et al. 1991), and a comparison of three methods for solv-
ing flow equations (Piepho and Runchal 1991). PORFLOW was also selected to be one of three codes to
be used for modeling performed under the Federal Facilities Agreement and Consent Order (i.e., the Tri-
Party Agreement) between the U.S. Department of Energy, the U.S. Environmental Protection Agency,
and the Washington Department of Ecology (U.S. DOE/RL 1991). Validation exercises have been per-
formed with an older version of PORFLOW for simulation of flow and transport at an experimental
trench in Las Cruces, New Mexico (Wittmeyer and Sagar 1992ab and Rockhold and Wursmer 1991).
The newer version (2.394gr) of PORFLOW has been able to repeat all test calculations that the older ver-
sion has done, including the Las Cruces trench case (Piepho et al. 1993). All the cases used for grout are
discussed and shown by Piepho (1993).

The sixth criteria is sufficient computational speed of the code to allow a simulation to be solved in
a reasonable length of time. Because of the complexity of the simulations and the lengthy time scales
being analyzed in this performance assessment (up to one million years), the PORFLOW code requires
many hours of CRAY time. The codes TRACR3D (Travis 1984) and S301-2 (Farmer 1984), which were
used in a previous evaluation of grout performance assessment, were slower and were used only for
benchmarting in the current effort.

G.2 History of PORFLOW Version 2.394gr

The original version of PORFLOW (Kline et al. 1983 and Runchal et al. 1985), limited to saturated
conditions in two-dimensional porous domains, was extensively verified and benchmadced by Eyler and

(a) McDowell-Boyer, L. Preliminary Predecisional Draft of Saltstone Disposal Facility Performance
Assessment. Letter transmitting the SRS performance assessment to the Peer Review Panel.
Oak Ridge National Laboratory, August 6, 1992.
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Budden (1984) and also by Runchal et al. (1985). The code was extended to model variably saturated
flow in three-dimensional geometry and was termed PORFLO-3, version 1.0 (Runchal and Sagar 1989,
Sagar and Runchal 1990). A newer version able to treat multiphase problems (2.1) was developed for
DOE and is the basis of the version used in this performance assessment. A commercially available ver-
sion of PORFLOW version 2.41 (Runchal and Sagar 1992) was released in August 1992. Version 2.394
of PORFLOW was released in November 1991 and is the starting point for the special version 2.394gr
tailored for use in this work (Piepho et al. 1993).

G.3 Theoretical Framework

G.3.1 Governing Equations and Assumptions

The equations solved in PORFLOW are based on the conservation principles of continuum
mechanics. These equations describe fluid flow and mass transport processes in heterogeneous and
anisotropic porous media. The equations are well accepted mathematical representations and are found in
such standard texts as Bear and Bachmat (1990). Freeze and Cherry (1979), and Huyakom and Pinder
(1983). The specific partial differential equation solved in PORFLOW for isothermal fluid fow around
and through the grout disposal facility is

eT r K +rM

where S, = fluid storage term (i.e., specific storage or moisture capacity term)

P = piezometric head (i.e., total hydraulic head)

K1 = hydraulic conductivity tensor

my = fluid volume source or sink term

t = time

xj = distance in the ith direction.

The quantity P is defined by
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P = h + z - z

where h = pressure head (capillary pressure head)

z = elevation head

z* = reference value

and the quantity S, is defined by

S, = S(a, + 0 a,) + O as

where S = saturation level

as = solid compressibility normalized by the specific weight of the fluid

= fluid compressibility normalized by the specific weight of the fluid

0, = effective porosity.

Some of the basic assumptions made in the above mkthematical formulations are

1. the fluid flow is laminar. slightly compressible, and single phase

2. the fluid flow obeys Darcy's law for porous flow

3. fluid viscosity is a function of temperature only -

4. the hydraulic properties of the porous continuum are volume averages

5. osmotic effects (associated with the waste form) are negligible.

In general, these assumptions are satisfied in the hydrogeologic environment of the grout vaults except for
assumption 5. The osmotic effects of grout are not modeled explicitly. Vapor return effects have been
modeled by introducing a liquid water source, which represents the condensed vapor, at any exposed
grout interfaces.

The specific partial differential equation solved in PORFLOW for contaminant transport from the
grout vault is
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R, $D + (VC) = a -01 R XC +Sc + E, 0 R ap ?'"X C

where C = contaminant concentration

V, = Darcy velocity in i' direction

Rf = retardation factor

17, = hydodynamic dispersion tensor

) = decay rate

S, = mass source term

&r = fraction of decay of the parent mass species which generates the current species. and the
superscript p refers to the parent mass species.

The last term in the above equation represents the ingrowth of mass species. The retardation
factor R, is defined by

Rr I + (-OeT)fpi
r 0,

where p, = solid (particle or grain) density

OT = total porosity

OD = total diffusive porosity

R, = sorption (distribution) coefficient. (denoted by K, in many other reports)

and I1 is defined (Kemper and van Schaik 1966) by

r' = a DM exp (bQo)
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where 6 = effective diffusive pore space saturated with water, (i.e., effective diffusive moisture
content)

D, = molecular diffusion coefficient

a,b = parameters (the "a" parameter can include tortuosity).

All other coefficients are as previously defined. The Kemper diffusion model is optional in PORFLOW
and was the choice for the grout performance assessment.

Some of the key assumptions that limit the applicability of the above formulation are as follows:

I contaminant concentrations are low enough that the fluid flow is independent of mass transport,
i.e., concentrations do not affect the density or viscosity of the fluid

2. diffusion of the contaminants through the fluid obeys Frick's first law

3. adsorption (and desorption) of contaminants into the porous medium is an equilibrium process
described by a linear isotherm.

The model formulation is applicable to both saturated and unsaturated flow conditions.

G.3.2 Initial and Boundary Conditions

The PORFLOW code accommodates the specification of standard mathematical boundary condi-
tions. These include

I. Dirichlet (fixed head or concentration)

2. Neumann (specified flux)

3. Robin (mixed).

Detailed information on boundary conditions is given in Runchal and Sagar (1989 and 1992).

G.3.3 Numerical Techniques

In PORFLOW, the governing equations for flow and transport are solved using a method referred
to as the Nodal Point Integration, a variation of the finite volume or integrated finite difference technique.
In this method, the difference approximations to the governing equations are derived on a staggered grid
system. The state variables are computed at the grid nodes whereas the fluid velocities and fluxes are
computed at the cell faces (located midway between adjacent grid nodes). Three discretization schemes,
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or basis functions to be integrated, are provided. The user may select which of the three schemes is to be
used to maximize accuracy and stability.

The system of algebraic equations produced by the finite volume are solved using one of five
techniques:

I. point successive overrelaxation

2. alternating direction implicit (ADI)

3. Cholesky decomposition

4. Gauss elimination

5. reduced system conjugate gradient method.

The nonlinearity of the governing equation for variably saturated flow is solved using a Picard
iteration method. The ADI was the method used for all of the grout PA runs, since it has been very robust
in previous work.

G.4 Code Inputs And Outputs

G.4.1 Input Data Structure

PORFLOW uses a free-form input which allows the user to document the input data deck. The
input file uses a keyword approach to define primary input data groups. For typical flow and transport
simulations, the input data groups consists of

I. tide card and comments

2. finite difference grid specification, i.e. the number of grid nodes in each direction,

3. lists of grid node coordinates

4. zone definitions that specify the grid locations of distinct strata,

5. rock and hydraulic property specifications

convergence and iteration parameters

7. initial pressures and concentrations
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8. boundary values and/or fluxes

9. time step and output specifications.

Simulations of multidimensional flow and transport can be performed in either steady state or time-
dependent mode.

G.4.2 Output Options

Results from PORFLOW consist of

I. total head

2. saturation

3. moisture content

4. contaminant concentration

5. Darcy velocities

for each grid block in the computational grid. The user can select to print out any or all of the output
variables. Each of these variables can be post-processed to produced graphical output.

G.4.3 Documentation of User Instructions

PORFLOW, version 2.4, is documented in Runchal and Sagar (1992). This report describes the
mathematical theory and numerical techniques, serves as a user's manual, and provides detailed inforna-
tion on the code organization, selection of computational grids.and time steps, input structure, and key-
word definitions.

G.5 References

Baca. R. G., R. C. Arnett, P. M. Clifton, and N. W. Kline. 1984. Repository Horizon Identification
Report, Chapters I-VIT, RHO-BW-ST-28P, Rockwell Hanford Operations, Richland, Washington.

Baca. R. G., J. C. Walton, and A. S. Rood. 1988. "Organic Contaminant Release from a Mixed Waste
Disposal Site: Analysis of Vapor Transport through the Vadose Zone and Site Remediation," Proceedings
of the Tenth Annual DOE Low-Level Waste Management Conference, Denver, Colorado.

G.8



WHC-SD-WM-EE-004, Rev. 0

Bear, J., and Y. Bachmat. 1990. Introduction to Modelling of Transport Phenomena in Porous Media.
Kuwer Academic Publishers, Boston, Massachusetts.

Connelly, M. P., J. D. Davis, and P. D. Rittmann. 1991. Numerical Simulation of "Sr Transportfrom the
100-N Area Liquid Waste Disposal Facilities, WHC-SD-ER-TA-001, Westinghouse Hanford Company,
Richland, Washington.

Eyler, L. L., and M. J. Budden. 1984. Verification and Benchmarking PORFLO: An Equivalent Porous
Continuum Code for Repository Scale Analysis, PNL-5044, Pacific Northwest Laboratory, Richland,
Washington.

Fanner, C. L. 1984. A Moving Point Method for Numerical Calculation of Miscible Displacement,
AEEW-R 1895, Winfrith Atomic Energy Establishment, Winfrith, England, UK.

Freeze, R. A., and J. A. Cherry. 1979. Groundwater. Prentice-Hall. Inc., Englewood Cliffs, New Jersey.

Huyakom. P. S., and G. F. Pinder. 1983. Computational Methods in Subsurface Flow. Academic Press.
Inc.. New York.

Kemper, W. 0., and J. C. van Schaik. 1966. Diffusion of Salts in Clay-Water Systems. Soil Sc. Am.
Proc. 30-534-540.

Kline, N. W., A. K. Runchal, and R. G. Baca. 1983. PORFLO Computer Code: Users Guide,
RHO-BW-CR-138P, Rockwell Hanford Operations, Richland, Washington.

Magnuson, S; 0., R. G. Baca, and A. J. Sondrup. 1990. Independent Verification and Benchmark Test-
ing of the PORFLO-3 Computer Code, Version 1.0, EGG-BG-9175, EG&G Idaho. Inc., Idaho Falls,
Idaho.

Piepho, M. G., and A. K. Runchal. 1991. A Comparison of Three Methodsfor Solving Flow Equations
of Two Immiscible Fluids in Variably-Saturated Media, WHC-SA- 1289-FP, Westinghouse Hanford
Company, Richland, Washington.

Piepho, M. G., W. H. Sutherland, and P. D. Rittmann. 1993. The Grout Performance Assessment Code
System (GPACS) with Verification and Benchmarking, WHC-SD-WM-UM-0 19, Draft. Westinghouse
Hanford Company, Richland. Washington.

Piepho, Mz G 1993, GroutPerformance Assessment Resuits of Benchmark; Base, and Sensitivity Cases.
WHC-SD-WM-TI-561, Draft. Westinghouse Hanford Company, Richiland, Washington.

Rockhold, Mv. L., and S. K. Wurnenr. 199 1. Simulation of Unsaturated Flow and Solute transport at
the Las Cruces Trench Site Using tne PORFLO-3 Computer Code, PNL-7562. Pacific Northwest Labora-
tories, Richland, Washington.

G.9



WHC-SD-WM-EE-004, Rev. 0

Runchal, A. K., B. Sagar, R. G. Baca, and N.W. Kline. 1985. PORFLO - A Continuum Modelfor Fluid
Flow, Heat Transfer, Mass Transport in Porous Media, RHO-BW-CR-150P, Rockwell Hanford Opera-
tions. Richland, Washington.

Runchal, A. K., and B. Sagar. 1989. PORFLO-3: A Mathematical Model for Fluid Flow, Heat and Mass
Transport in Variably Saturated Geologic Media. Users' Manual, Ver 1.0, WHC-EP-0042,
Westinghouse Hanford Company, Richland, Washington.

Runchal, A. K., and B. Sagar. 1992. PORFLOW: A Mathematical Model for Fluid Flow, Heat and
Mass Transport in Multifluid, Multiphase Fractured or Porous Media. Users' Manual, Ver 12.4,
ACRi/l0 _/RevICAnalytic andComputationalResearchInc., Lo&Angles,_Califonia.

Sagar. B.. and A. K. Runchal. 1990. PORFLO-3; A Mathematical Modelfor Fluid Flow, Heat, and
Mass Transport in Variably Saturated Geologic Media, Theory and Numerical Methods, Version 1.0,
WHC-EP-0042, Westinghouse Hanford Company, Richland, Washington.

Smoot, J. L., and B. Sagar. 1990. Three Dimensional Contaminant Plume Dynamics in the Vadose Zone:
Simulation of the 241-T-106 Single-Shell Tank Leak at Hanford, PNL-722 1, Paci fic Northwest Lab-
oratory, Richland, Washington.

Sonnichsen, J. C. 1991. Preliminary Performance Assessment Strategy for Single-Shell Tank Waste Dis-
posal, WHC-EP-0379, Westinghouse Hanford Company, Richland, Washington.

Travis, B.J. 1984. TRACR3D: A Model of Flow and Transport in Porous/Fractured Media,
LA-9667-MS. Los Alamos National Laboratory, Los Alamos, New Mexico.

U.S. Department of Energy-Richland Operations Office (U.S. DOE/RL). 1982. Site Characterization
Report for the Basalt Waste Isolation Project, DOE-RL 82-3, U.S. Department of Energy, Richland
Operations Office, Richland, Washington.

U.S. DOE/RL. 1991. Description of Codes and Models to be Used in Risk Assessment, U.S. Department
of Energy, Richland Operations Office, Richland, Washington.

Walton, J. C., and R. R. Seitz. 1991. Performance of Intact and Partially Degraded Concrete Barriers in
Limiting Fluid Flow, NUREG/CR-5614, U.S. Nuclear Regulatory Commission, Washington, D.C. or
EGG-2614, EG&G Idaho, Inc., Idaho Falls, Idaho.

Westinghouse Hanford Company (WHC). 1990. Liquid Effluent Study Final Project Report,
WHC-EP-0367, Westinghouse Hanford Company, Richland, Washington.

Wittmeyer, G. W., and B. Sagar. 1992a. INTRAVAL Project: Las Cruces Trench Solute Transport Mod-
eling Study, Plot 2, Experiments A and B. Report for Research Activities for Calendar Year 1991. W. C.
Patrick, ed. CNWRA 91-01A. San Antonio, Texas.

G.10



WHC-SD-WM-EE-004. Rev. 0

Wittmeyer, G. W., and B. Sagar. 1992b. INTRAVAL Project: Las Cruces Trench Unsaturated Flow
Modeling Study, Plot 2. Experiment B. NRC High-Level Radioactive Waste Research at CNWRA for
Calendar January I through June 30. 1992. W. C. Patrick. ed. CNWRA 92-015. San Antonio, Texas.

G.11



WHC-SD-WM-EE-004, Rev. 0

This page intentionally left blank.

G.12



WHC-SD-WM-EE-004, Rev. 0

Appendix H

Verification and Benchmark Testing of the Flow and
Transport Codes Used for the Hanford Grout

Performance Assessment



WHC-SD-WM-EE-004, Rev. 0

This page intentionally left blank.

H.ii



WHC-SD-WM-EE-004, Rev. 0

Appendix H

Verification and Benchmark Testing of the Flow and
Transport Codes Used for the Hanford Grout

Performance Assessment

M. L. Rockhold, Pacific Northwest Laboratory
W. H. Sutherland, Westinghouse Hanford Company

C. A. Oster and D. W. Langford, Boeing Computer Services

H.1 Introduction

Computer codes were used to model unsaturated flow and contaminant transport for the perform-
ance assessment of grouted double-shell tank waste disposal at the Hanford Site. These computer codes
were tested and evaluated to verify their capability of correctly simulating the type of problems related to
the performance assessment. These computer codes include PORFLOW (Runchal and Sagar 1992), S 301
(Wikramaratna and Farmer 1987), and TRACR3D (Travis and Birdsell 1991). This appendix describes
the results of selected verification and benchmark test problems that were simulated with these codes.

Numerous methods exist for testing computer codes. These methods include 1) mass balance and
consistency checks within a computer code during execution, 2) crosschecks between sequential runs of
the same problem using finer spatial and temporal discretizations, 3) comparisons of numerical solutions
with selected analytical solutions (a.k.a. verification), and 4) comparisons of numerical solutions from
one code with solutions from another code for the same problem (a.k.a. benchmarking).

Computer codes can also be tested by comparing simulation results with observations from actual
laboratory or field experiments. These comparisons test the conceptual model of the specific field site or
experiment, the physics or mathematical representation of it. and the adequacy of the site or experimental
characterization data. No single test method is sufficient to confirm that a computer code correctly
calculates results. However, when used together the methods provide confidence that a code can reliably
calculate correct results for the types of situations and conditions modeled.

The primary emphasis of this appendix is on the verification and benchmark testing of the
PORFLOW, TRACR3D, and S301 computer codes. Additional verification and benchmark testing of the
version of PORFLOW that was used for the performance assessment is described by Piepho et al. (1993).
The results from independent verification and benchmark testing of an earlier version of the PORFLOW
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code were reported by Magnusen, Baca, and Sondrup (1990). Benchmark comparisons between the
PORFLOW and TRACR3D codes were also reported by Magnusen, Baca, and Sondrup (1990) and
Thomas (1991).

This appendix is organized as follows. Governing equations used for unsaturated flow and con-
taminant transport modeling are discussed in Section H.2. Brief descriptions of the PORFLOW,
TRACR3D, and S301 codes are presented in Section H.3. The performance indicators used to evaluate
simulation results are described in Section H.4. Section H.5 contains a description of the verification and
benchmark test problems and the results. The conclusions are given in Section H.6, and cited references
are listed in Section H.7.

H.2 Governing Equations

Natural and engineered components of the proposed grout waste isolation system at the Hanford
Site compose a geochemically complex, three-dimensional, multiphase, nonisothermal system. Here, the
term multiphase refers to multiple fluid phases (i.e., aqueous and gas phases). This system was modeled
as a two-dimensional, isothermal, single-phase (aqueous) system primarily for computational efficiency.
The simplification to a two-dimensional system was justified because of the length-to-height ratio of the
unsaturated zone and because of plans to construct the grout vaults in pairs. In addition, water flow in the
unsaturated zone is predominantly vertical and moves into a horizontal, saturated flow system whose
water table is essentially unaffected by the overlying grout facility. Nonisothennal effects associated with
grout curing, asphalt cooling, and heat generation by the waste were assumed to be relatively
insignificant. -

The flow of a single fluid phase (water) and the transport of water-soluble contaminants under iso-
thermal conditions are described using two governing mass conservation equations. The isothermal flow
of water in a rigid, variably saturated porous medium is described using the Richards equation (Richards
1931). The two-dimensional form of the Richards equation is written as follows:

a9 3 h aa= a K. k, +h , [ k, +a . I1

where 0 = volumetric water content (L3 /L3 )

t = time

K = horizontal component of saturated hydraulic conductivity tensor (L/T)

K = vertical component of saturated hydraulic conductivity tensor (L/T')
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k, = relative permeability (dimensionless)

h = pressure head (L)

x = horizontal coordinate (L)

z = vertical coordinate (L).

The primary dependent variable in Equation I is pressure head, h. Pressure head is linked to the second-
ary variables, 0, K. and k, by constitutive relations representative of the physical and hydraulic properties
of the fluid and porous medium. Note that the principal directions of anisotropy are aligned with the
cartesian coordinate system so that the cross-components of the saturated hydraulic conductivity tensor
are 0.

The van Genuchten (1980) model, given by Equations (2) and (3), was used to describe the consti-
tutive relations for relative permeability (k,) effective saturation (S). and pressure head (h).

0 a h a 0 (2)

0, + (0, - ,[ + (-ah) 0]- h < 0

k, = S." [ -(1 - s (3)

where 0, = saturated water content (L3/L3)

Or = residual water content (L/L)

a, n = curve-fitting parameters (L', dimensionless)

m = I - I/n

S, = (0 - 0,)/(0, -Or).

Transport of a conservative solute is described by the convective-dispersive mass transport equa-
tion, m u. 'i is written as:
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a D 'c ),a (.ac) a (.ac
TX- X- T- Tz 7X- 77)(4)

+ D ac -V ac ac -c ac

where D., D., D., D = dispersion coefficients (L/iT)

c = solute concentration (M/L 3 )

V,, V, = x- and z-components of Darcy velocity vector (LMT)

X = solute or species reaction rate (T').

The dispersion coefficients incorporate the effects of hydrodynamic mixing and molecular diffusion. The
common assumption that hydrodynamic dispersion is linearly proportional to the average pore water
velocity (Bear 1972) leads to the following expressions for the dispersion coefficients (Scheidegger
1961):

V 2
D.= a

V 2
D = :T

v 2
+ C0r + D.ThE

v2
+ cL + D

(5)

(6)

(7)

where aL, T = longitudinal and transverse dispersivities (L)

D. = bulk solution coefficient of molecular diffusion (LIMT).

A modified form of the dispersion coefficient used in the performance assessment simulations will be
described later in this appendix for the second set of benchmark problems.
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H.3 Code Descriptions

The PORFLOW, TRACR3D, and S301 codes are briefly described in this section. Complete
descriptions of the numerical methods implemented in the different codes are given in the respective
users' manuals or in theory documents cited below.

H.3.1 PORFLOW

PORFLOW Version 2.394gr was the primary numerical model used to support the performance
assessment calculations. PORFLOW is a proprietary code that is copyrighted by Analytical and Compu-
tational Research, Inc., subject to limited government license (Runchal and Sagar 1992). Version 2.394gr
is a fully three-dimensional, Eulerian (or fixed grid) finite difference code designed to simulate multi-
phase fluid flow, heat transfer, and multicomponent mass transport in variably saturated, heterogeneous.
and anisotropic porous media.

The governing mass conservation equations and constitutive relations that were used by
PORFLOW for the performance assessment simulations are essentially those shown in Equations (1-5).
The governing equations were solved using an integrated finite difference method (Patankar 1980). Time
derivatives were approximated using a first-order, implicit (backward difference) scheme. Several direct
and iterative- solution options were availabie LO solve the resulting nonlinear algebraic equations. An
alternating-direction-implicit scheme with Picard iteration (Huyakorn and Pinder 1983) was also used for
the performance assessment simulations.

H.3.2 TRACR3D

The TRACR3D code is also a fully three-dimensional, Eulerian finite difference code that is
designed to simulate multiphase fluid flow and multicomponent mass transport in variably saturated.
heterogeneous, and anisotropic porous media (Travis and Birdsell 1991). TRACR3D does not account
for heat transfer and, therefore, will only solve isothermal flow and transport problems. TRACR3D was
used to model water flow for the benchmark and verification problems in this appendix. The code's
solute transport simulation capabilities were not formally tested. The TRACR3D code is in the public
domain and available from Los Alamos National Laboratory.

Like PORFLOW, TRACR3D also uses an integrated finite difference method. However, the result-
ing nonlinear finite difference equations are linearized and solved using an iterative Newton-Raphson
technique (Huyakom and Pinder 1983). Newton-Raphson implementations typically require more
memory and more computational effort per iteration than Picard implementations, but they are quadrati-
cally convergent - o' nosed to linear. As a result, the Newton-Raphson method allows larger time steps
and is more robust than the Picard meti- : 0 'or highly nonlinear problems.

The PORFLOW and TRACR3D codes use cell-centered and node-centered finite difference
schemes, respectively. In the cell-centered scheme, the node positions are specified, and the cell faces are

H.5



WHC-SD-WM-EE-004, Rev. 0

placed at the midpoints between nodes. In the node-centered finite difference scheme, the positions of the
cell faces are specified, and the nodes are placed at the midpoints between the cell faces. The two
schemes are identical for uniform grids, but can result in different node locations for nonuniform grids.

H.3.3 S301

The version of the S301 code used for these simulations is a two-dimensional, mixed Eulerian-
Lagrangian code originally designed to simulate solute transport under steady, saturated flow conditions
(Wikramaratna and Farmer 1987). The code was modified to use saturation and velocity fields generated
by TRACR3D to perform transient transport simulations under unsaturated conditions. The S301 code
was obtained through the purchase of a use agreement from the United Kingdom Atomic Energy
Authority.

S301 code uses an explicit, 9-point finite difference approximation to generate solutions with
minimal grid orientation effects (Wikramarana and Farmer 1987). S301 uses the modified method of
characteristics (Chiang, Wheeler, and Bedient 1989) to develop a first approximation of concentrations at
new time levels. An adaptive moving point (particle tracking) technique is then used as an error recovery
procedure in regions where numerical dispersion is significant (Farmer 1985). These regions are
determined by calculating where grid Peclet numbers and concentration gradients exceed given threshold
values (Wikramaratna and Farmer 1987). The S301 code was used to model solute transport for the
verification and benchmark problems in this appendix.

HA Performance Indicators

Various performance indicators can be used to evaluate the accuracy of results generated by
numerical models. Perfonnance indicators should be selected to match the purpose of the simulations.
For example, if a numerical model is used to forecast contaminant movement in groundwater, then the
travel time of the contaminant from the source to some point of compliance, such as a water supply well,
is a good performance indicator. Calculated fluxes crossing sp~cified horizontal or vertical planes as a
function of time, and contaminant arrival curves ae also useful for evaluating the performance of
numerical flow and transport codes for this type of application.

Other quantitative indicators of model performance include maximum absolute deviation, root-
mean-squared error, and relative-root-mean-squared errr. These are general indicators, but they can be
useful for relative comparisons between the results generated by numerical models and analytical
solutions.
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Several performance indicators were used to evaluate the numerical models for this verification and
benchmarking effort. For the verification problems, relative-root-mean-squared (RRMS) error calcu-
lations were used to provide a quantitative basis for comparing numerical and analytical solutions. The
RRMS error was defined as:

RRMS = ( n___ (8)
k

where a, = analytical solution at point i

i = numerical solution at point i

k = number of comparison points.

Magnusen, Baca, and Sondrup (1990), who also used the RRMS error as a performance indicator.
judged the accuracy of verification test results by defining four performance categories. These categories
were 1) Excellent - RRMS 50.01, 2) Good -RPMS 5 0.05, 3) Acceptable - RRMS 0.10. and
4) Unacceptable - RRMS > 0.10. The ranges for these categories were arbitrarily selected and, thus, are
meaningless with respect to quantifying contaminant fluxes or arrival times. Therefore, in this appendix,
RRMS values are only used to provide a quantitative basis forrelative comparisons.

For the benchmark problems, instantaneous fluxes crossing specified vertical and horizontal planes,
and outflow arrival distribution curves were used to compare the results generated by the different
numerical models. Contour plots of water content or normalized concentrations were also generated for
qualitative comparisons.

H.5 Descriptions of Test Problems and Simulation Results

Two verification problems were selected to test the PORFLOW, TRACR3D, and S301 codes. The
first verification problem tested the ability of the PORFLOW and TRACR3D codes to simulate two-
dimensional water infiltration into homogeneous, unsaturated soil. The second verification problem
tested the ability of the PORFLOW and S301 codes to simulate two-dimensional solute transport in a
homogeneous medium, with different grid Peclet numbers. These verification problems also constituted
benchmarks for the respective codes. Two additional sets of benchmark simulations were conducted to
compare the results generated by the different codes for more realistic flow and transport problems
similar to the type required for the performance as.. -s.znt.
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H.5.1 Verification Test Problem 1

The first verification test problem was designed to test the ability of the PORFLOW and
TRACR3D codes to simulate the advance of a moisture front into homogeneous soil from a surface infil-
tration source. The analytical and numerical solution problem domains, and the boundary and initial
conditions for this problem are illustrated in Figure H. 1. The analytical solution problem domain is the
semi-infinite plane below the z = 0 line shown in Figure H. 1. The boundary conditions along the top of
the domain am Neumann, with the flux = 0 for x < -5 cm and x > 5 cm, and an infiltration flux (expressed
as a rate per unit width and length) for the strip source of 400 cm3/cm2/d. No boundary conditions were
imposed along the other boundaries for the analytical solution problem domain, because they extend to
infinity.

Warrick and Lomen (1976) developed an analytical solution for this problem using a Kirchoff
integral transformation (Carslaw and Jaeger 1959) and defining a matric flux potential, 0, after Gardner
(1958) as:

0= K(h)dh (9)

with

K(h) = K. exp(ah) (10)

where h., = initial pressure head (L)

h = pressure head (L)

K = hydraulic conductivity (1/n)

K, = saturated hydraulic conductivity (L/T)

a = empirical constant (L 1).

The pressure head, h, is then equal to:
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h(xzt) = 1/a ln(oWK, $)

$(X.Z,T) = (qg/2x) 1(X,ZT)

vG exp Z 2-'1 exp (--Z 2 /4)
2X

(13)
- n exp Z erfc (Z/2 F- F)]

[erf {(X + X0)/2 vF - erf (X - X0 ) / 2vF }]dc

The dimensionless variables X = ax/2, Z = az/2, and T = akt/4 were introduced to facilitate obtaining the
analytical solution. The parameters x and z are the true (unscaled) horizontal and vertical distances,
respectively. measured from the center of the surface strip source, and t is the actual (unscaled) time. The
terms erf and erfc ar the standard definitions of the error function and -the complementary error function,
respectively (Abramowitz and Stegun 1964). The integral in Equation (13) was evaluated numerically
using the IMSL subroutine DQDAGS (IMSL 1987).

Celia. Ahuja, and Pinder (1987) and Bouloutas (1989) compared numerical solutions with the ana-
lytical sohation hy-Wick and Lom.en (1976) for infiltration ftom a surface strip source using parameters
reported by Warrick (1974) for the Panoche loam soil. Volumetric water content was expressed as a
function of pressure head as:

6(h) = (K/A) exp (ah) (14)

with the values of K, a, and A taken to be 100 cm/d (0.0694 cm/min), 0.04 m-', and 200 cm/d
(0.1388 cm/min), respectively. The half-width of the strip source was taken to be 5 cm. The surface
boundary flux, q, was set equal to 400 cm2/d (0.277 cm 2/min), and the initial pressure head was set equal
to -250 cm. Warrick and Lomen (1976) used a value of h. = - as initial and boundary conditions, but
their solution is applicable for other initial and boundary conditions, provided that the boundaries are

H.10

where

(11)

and

0(XZT) =

(12)
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located a sufficient distance from the source. For the numerical simulations of this problem, the bottom
and right-hand side boundaries were maintained at an initial pressure head of -250 cm.

The problem described above was simulated using the PORFLOW and TRACR3D codes. A non-
uniform grid with 29 nodes in the x-direction and 31 nodes in the z-direction was used to discretize the
80-cm-wide by 100-cm-deep model domain. The numerical solution problem domain and boundary and
initial conditions are also shown in Figure H.1. The numerical model domain represents the right-hand
side of the analytical solution problem domain, assuming an axis of symmetry along the center line of the
surface strip source.

For the computational grid used by TRACR3D, the coordinates of the nodes in the x-direction are
0.5, 1.5, 2.5,35, 4:5, 5,5, 6.75, 85, 10.5, 12.5, 14.5, 16.5, 18.5, 20.5, 22.5, 24.5, 26.5, 28.5. 31.0, 34.5,
38.5, 42.5, 46.5. 50.5, 54.5, 58.5, 63.0. 69.0, and 76.25 cm. The z-coordinates of the nodes used by
TRACR3D are 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.75, 8.5, 10.5, 12.5, 14.5, 16.5, 18.5, 20.5, 22.5, 24.5, 26.5.
28.5, 31.0, 34.5, 38.5,42.5,46.5, 50.5, 54.5, 58.5, 63.5, 70.5, 78.5, 86.5, and 95.25 cm. The analytical
solution was evaluated at these same node coordinates.

The x-coordinates of the nodes used for PORFLOW simulations were the same as those used for
the TRACR3D simulations, except for nodes at 6.5, 30.5, 62.5, 68.5, and 76.5 cm. Similarly, the
z-coordinates of the nodes used for PORFLOW simulations differed from TRACR3D by nodes at 6.5,
30.5, 62.5, and 94.5 cm. The above listed node coordinates were used in the PORFLOW simulations in
place of the closest respective node coordinates listed for TRACR3D. As noted previously, the differ-
ences in the node locations were a result of the node-centered versus cell-centered finite difference
schemes used by TRACR3D and PORFLOW, respectively.

The numerical solutions for this verification test problem are shown with the analytical solution
results fortime equal to 72 minutes in Figure H.2. The RRMS errors for the PORFLOW and TRACR31D
solutions are 0.042 and 0.011, respectively. The RRMS error calculations were only made at node
coordinates that were common to both the analytical and numerical solution grids. In addition, compari-
sons were only made for values of pressure head 2 -200 cm.

The numerical solutions from both TRACR3D and PORFLOW appeared to match the analytical
solution relatively well. No grid convergence tests were conducted for this problem, but the RRMS errors
would presumably be even smaller if finer spatial discretizations were used for the numerical model grids.

H.5.2 Verification Test Problem 2

The second verification test problem was designed to test the ability of the PORFLOW and S301
codes to simulate two-dimensional solute transport in a saturated, homogeneous porous medium.
Numerical solutions were obtained using PORFLOW and S301 with different grid Peclet numbers to test
the accuracy and stability of the different transport schemes.

H.I
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For a one-dimensional system, the grid Peclet number, Pe, is defined as:

Pe = V dx/D (15)

where V- Darcy velocity (LIT)

dx = grid block size (L)

D = dispersion coefficient (L2/T).

The grid Peclet number is a measure of the relative strengths of diffusion and advection, with a Peclet
number of 0 corresponding to a pure diffusion problem. The grid Peclet number can be used along with
the Courant number to identify potential inaccuracies in numerical solutions to the transport equation.
The Courant number, Cn. is defined as:

Cn = V dt/dx (16)

where dt is the time step size, and all other symbols have been preyiously defined. "Rules-of-thumb,"
that Pe 52. and Cn Si, are frequently followed to ensure the accuracy and stability of numerical solutions
to the convective-dispersive mass transport equation for many standard finite difference approximations.
Maintaining Cn at a value 51 prevents solute particles from traveling more than one grid block per time
step.

The spatial and temporal discretizations required to satisfy the Pc and Cn conditions are not always
practical for large problem domains. If the grid Peclet or Courant numbers violate the above criteria. then
the process of differencing the advective terms in the transport equation may introduce a diffusive error
effect, which behaves as though the fluid possesses an artificial diffusivity of magnitude E. (Trent 1975).
This diffusive error effect can result in shorter-than-actual arrival times and lower predicted peak
concentrations. The magnitude of this error (ak.a. numerical dispersion) can be approximated by:

Upwind: e = 1/2 V dx (1-Cn)

Central-4 ze: E = 1/2 V2 dt

H.13

(17)

(18)
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for upwind weighting and central-space differencing schemes (Trent 1975). Note that for the upwind dif-
ferencing scheme, the diffusive error effect goes to 0 for Cn = 1. However, this situation is realistically
obtainable only for one-dimensional flow (Trent 1975). Failure to satisfy the Pe number criteria also
results in a diffusive error effect.

Note, also, that upwind differencing suffers from considerably more numerical dispersion for small
values of the Courant number, which suggests it should be replaced by central-space differencing for
small values of Cn (Trent 1975). However, the central-space differencing scheme may become unstable
if the grid Pe number exceeds a critical value of 2 (Patankar 1980). The PORFLOW code uses a hybrid
scheme to combat this difficulty. This scheme uses central-space differencing when the local grid Pe
number is <2, and upwind weighting when the Pe number >2 (Runchal and Sagar 1992). However, no
checks are made within PORFLOW to ensure that the Courant condition is satisfied. Therefore, it is the
user's responsibility to ensure this condition is satisfied.

The effective artificial dispersivity, ;, that can be generated by standard finite difference approxi-
mations to the convective-dispersive mass transport equation can be calculated by:

x, - E/V (19)

The analytical solution domain that was selected to test the transport algorithms consists of a two-
dimensional area with a line source of finite length at the inlet boundary. The edges of the inlet boundary
were assumed to be an infinite distance away from the line source. The.outlet boundary was assumed to
be located an infinite distance from, and perpendicular to the inlet boundary. The analytical and
numerical solution model domains for this problem are depicted in Figure H.3.

H.14
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The analytical solution is given by Cleary and Ungs (1978) in Equation 20,

C(X,Y,t) = exp vxx - I
4,F~rD. 2D

32
exp -[K - Y+ _ c-

4D. 4D.T

0 T (20)

(Y2 -Y) V- erfc 2 ,
2D,1 2, D,

(Y -Y) V T
+ erfc + Y'- dr

25 2 7D

where-all symbols have been defined previously. The integral in Equation 20-was evaluated numerically
using the IMSL subroutine DQDAGS (IMSL 1987).

The transport verification problem described above was simulated for several grid Peclet numbers
to test the accuracy and stability of the numerical schemes used by the PORFLOW and S301 codes. A 1-
m-long by 0.5-m-wide model domain was discretized using uniform 0.025-m node spacing in both the x-
and y-directons. This discretization resulted in 40 nodes in thE x-direction and 20 nodes in the
y-direction, totaling 800 nodes in the active computational domains. A line source was specified along
the left boundary of the model domains, extending from y = 0 m to y = 0.25 m. A dimensionless
concentration of 1.0 was specified for the source strength. A constant Darcy velocity of 10 m/d was
specified for the longitudinal or x-direction, with a constant Darcy velocity of 0 m/d in the transverse or
y-direction. The numerical model domain and boundary and initial conditions for this problem are shown
in Figure H.3.

The computational grids and velocities were held constant for all simulation cases. The time steps
were allowed to vary from a minimum of 1.25E-3 days to a maximum of approximately 2.5E-3 to satisfy
the Cn condition. The S301 code automatically checked the Cn condition and adjusted the time steps as
needed to satisfy the condition Cn 1.

H.16
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The diffusion coefficients were varied to generate grid Peclet numbers of 2.222, 80, and 2222. The
grid Peclet number 2.222 resulted in a diffusion dominated transport problem. The grid Peclet numbers
80 and 2222 resulted in advection dominated problems. Figure H.4 shows the results from the analytical
solution and the numerical solutions obtained using PORFLOW and S301, for t = 0.08 days, with a grid
Peclet number of 2.222. The relative concentration contours for all three solutions are quite similar.

The results from the analytical and numerical solutions for Peclet numbers 80 and 2222 are shown
in Figures H.5 and H.6, respectively. The numerical solutions for the high Peclet number cases are not as
close to the analytical salution-as-the results for the diffusion dominated case. However, the results
obtained using the particle tracking feature in S301 (S301-P) am much closer to the analytical solution
than the results obtained using the fully Eulerian methods.

The RRMS errors that were calculated for the PORFLOW and S301 solutions for the 3 Peclet num-
bers are shown in Table H.I for time =0.08 days. No boundary nodes, and only concentrations 20.001
and S0.999 were used in the RRMS calculations. A lower limit was imposed on the concentrations used
in the RRMS calculations to avoid comparing very small numbers, which can result in large RRMS
errors. RRMS error values computed for other times were similar to the values for t = 0.08 days. with no
obvious increases or decreases as a function of time.

The contour plots of relative concentration for this problem indicate the numerical solutions
matched the analytical solution fairly well for the case with a grid Peclet number of 2.222. However, the
other cases with larger grid Peclet numbers demonstrate the effects of excessive numerical dispersion.

The S301 code required approximately 7 times more computational effort (CPU time) for this
800-node verification problem when the particle tracking option was invoked (S30 I-P). relative to the
solution obtained using only the modified method of characteristics without particle tracking (S30 1). The
run times required for the PORFLOW and S301 solutions, without particle tracking, were comparable.
As shown by the RRMS values and contour plots, the solutions obtained using the particle tracking
feature in S301 were more accurate. However, the particle tracking feature was found to be much more
computationally expensive and impractical to use for the larger performance assessment simulations.

The inability to control numerical dispersion is inherent in many numerical transport codes. In
theory, the grid Peclet and Courant numbers can be reduced to eliminate or reduce inaccuracies in solu-
tions of the transport equation by decreasing the node spacing and reducing the size of the time steps.
However, in practice, grid refinements and time steps that are small enough to eliminate numerical disper-
sion using standaid finite difference or finite element solution methods often result in excessive simu-
lation time that is impractical for simulating large-scale, transient unsaturated flow and transport prob-
lems. The excessive CPU time needed by the S301 code with narticle tracking for problems the size of
those required for the performance assessment was the prirary motivation for ut'q the PORFLOW code
instead of TRACR3D and S301.

H.17
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Although contaminant arrival curves and mass fluxes as a function of time were not compared for
these verification problems, such comparisons were made previously by Magnusen, Baca, and Sondrup
(1990). These comparisons showed good agreement between the results generated by PORFLOW and
analytical or quasi-analytical solutions for two- and three-dimensional flow and transport problems.

H.5.3 Issues Regarding Internodal Conductance Averaging

In general, the results generated by PORFLOW and TRACR3D have compared favorably with each
other and with analytical solutions for simple two-dimensional, unsaturated flow and transport problems
with homogeneous porous media when the grid Peclet and Courant conditions were satisfied. However,
the results generated by PORFLOW and TRACR3D have been quite different when the simulated
problems involved heterogeneous media with highly contrasting material properties (Magnusen, Baca,
and Sondnip 1990; Thomas 1991). These differences have been attributed primarily to the different
methods used to calculate intemodal hydraulic conductivities and velocity components.

TRACR3D computes internodal conductances using the product of the harmonic mean values of
intrinsic permeabilities and upwind (or upstream) weighted relative permeabilities. PORFLOW computes
intemodal conductances using simple arithmetic, geometric, or harmonic averaging of the hydraulic
conductivities in adjacent grid blocks.

Under fully water-saturated conditions, the harmonic mean is physically correct and is typically
used for saturated flow modeling. However, for unsaturated conditions, hydraulic conductivity is a non-
linear function of capillary pressure or water content, and there is no consensus regarding a general finite
difference internodal conductivity averaging scheme that is practical and accurate under all conditions.

Table H.l. RRMS Values for Verification Problem 2

RRMS'

Peclet Number PORFLOW S301 S301-P

2.222 0.2750 0.1779 0.1897
80.0 10.6131 19.4604 1.4913

2222.0 111.2601 186.4761 0.8389

(a) RRMS values calculated for 0.001 5 C/C 5 0.999.

H.18
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Numerous researchers have investigated the effects of various intemodal conductance averaging
schemes. Bnitsaert (1971) suggested that full upstream weighting of hydraulic conductivities is the most
appropriate averaging scheme for problems in which saturations vary rapidly with time (e.g., infiltration
fronts, cone of depression near a well bore). Havercamp and Vauclin (1979) found the geometric mean to
be the most preferable weighting option in terms of flexibility, accuracy, and feasibility for simulating
one-dimensional transient water flow in partially saturated soil. Schnabel and Ritchie (1984) conducted
one-dimensional simulations of infiltration in partially saturated soil and suggested that when possible the
hydraulic conductivity-capillary pressure function should be integrated to determine intemodal
conductances. The geometric mean was suggested as a second choice for the soils in their study. The
harmonic mean was found to yield unrealistic results for all unsaturated flow simulations, particularly
when simulating infiltration into soils with very dry initial conditions.

Schnabel and Ritchie (1984) determined that the time required to attain steady-state decreased in
order from harmonic to geometric to arithmetic to upstream weighted conductance, while the calculated
flux increased in the same order, from the harmonic through the upstream weighted conductance. Thus,
the rate at which a simulated front moves or a pulse dissipates should occur in the inverse order, with the
rate being greatest for the upstream weighted and least for the harmonic mean conductance.

Zaidel and Russo (1992) and Warrick (1991) showed that an averaging scheme based on the
Kirchoff integral transformation (as described previously for verification test problem 1) is the most accu-
rate intemodal hydraulic conductivity averaging scheme for homogeneous media. This transformation is
based on the integration- of-thelydmuliic conducivitycapillary pressure function and linearizes the
capillary component of the Darcy velocity giving an exact value of fluid flux between grid blocks.
However, when the constitutive relations between capillary pressure, saturation, and relative permeability
are spatially dependent (i.e., in heterogeneous porous media systems) or are not analytically integrable,
the use of the Kirchoff transformation in a numerical procedure requires excessive computational effort
(Zaidel and Russo 1992). Therefore, the procedure is generally not considered to be practical.

Zaidel and Russo (1992) stated that ". . . we may conclude that there is no universal weighting
scheme capable of-following successfully sharp-fronts for a relatively coarse grid. Of course, the errors
introduced by all the weighting schemes diminish if Ax is reduced, but this may require a huge compu-
tational effort, especially when simulation of multidimensional flow in relatively large domains is
concerned." Zaidel and Russo (1992) suggested that local adaptive grid refinement techniques may be
effective in reducing the errors associated with intemodal hydraulic conductivity averaging for unsatu-
rated flow modeling.

Judging from these references, the original permeability averaging scheme employed in the
TRACR3D code appears to be well suited for simulating problems with sharp fronts in which saturations
vary rapidly with time. The scheme used in TRACR3D also reduces to simple harmonic averaging when
the porous medium is fully water saturated, which is physically correct under such conditions. This
scheme also-facilitates the-numeric-al-implemenration of zero-flux defauit boundary conditions. However,

H.22
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as will be shown, the original internodal conductance averaging scheme that is used in TRACR3D can
generate results quite different from those generated using simple arithmetic or harmonic averaging.

Modifications to TRACR3D were necessary to obtain results comparable with PORFLOW for
simulations with heterogeneous porous media. Options were added for using harmonic, geometric. arith-
metic, and weighted conductance averaging schemes. PORFLOW was not modified.

H.5.4 Benchmark Test Problem 1

A small-scale benchmark problem was developed based on literature pertaining to the effects of
various internodal conductance averaging schemes. The problem was designed to test whether the aver-
aging options added to TRACR3D were implemented correctly and to determine if the different inter-
nodal conductance averaging schemes were the primary cause for thie Uiierences observed in larger scale
benchmark simulation results from TRACR3D and PORFLOW. Benchmark problem I simulated two-
dimensional water flow in a vertical cross section consisting of a sloping clay layer embedded within
coarse sandy material. This problem was ariMogous to water flow through and around the clay cap that is
part of the final cover required by the Resource and Conservation Recovery Act (RCRA) for hazardous
waste landfills in Tidle 40 of the Code of Federal Regulations (40 CFR).

A schematic of the modeled two-dimensional cross section for benchmark problem I is shown in
Figure H.7. The modeled domain represented a 36-m-wide by 6-m-deep cross sectionwitk-uniform
0.4-m node spacing in the horizontal direction and uniform 0.3-m node spacing in the vertical direction.
This spatial discretization resulted in 90 nodes in the horizontal direction and 20 nodes in the vertical
direction, for a total of 1800 nodes in the active computational domain.

A sloping, 28-m-wide by 0.6-m-thick clay cap was embedded within the modeled domain. Because
_ofconstraintsiimposed by thecartesian grid system, the 7.5-%- slope ,f the clay-cap was represented using
a series of 7 "stair steps" extending downward from the left edge of the modeled domain. This problem
was similar in dimension to the upper part of the modeled domain used for the performance assessment
simulations. The thickness of the clay cap was represented by 2 nodes for this benchmark problem.

The U.S. Environmental Protection Agency's (EPA) technical guidance document for final covers
on hazardous waste landfills and surface impoundments (EPA/530-SW-89-047) requires a minimum
thickness of 0.6 m for the low-permeability layer in the final cover (i.e., the clay cap), with a slope >3%.
The slope and thickness of the clay cap were approximately 10% and 0.6 rn, respectively, as discretized in
the base case for the revised performance assessment. A minimum of 3 nodes was used to represent the
thickness of-the-clay cap in the flnite difference grid for the performance assessment simulations.

Two internal flir olanes were specified for benchmark problem 1. The instantaneous and cumula-
tive fluxes crossing these planes were calculated as a function of time. To quantify the flux of water pass-
ing through the clay cap, a horizontal flux plane was specified, extending from the left edge of the model
domain to the right edge of the clay cap at a depth of 3.6 m below the surface. To quantify the flux of

H.23
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water diverted laterally around the clay cap, a vertical flux plane was specified, extending from the
surface to a depth of 3.6 m at the right edge of the clay cap. These flux planes are also depicted in
Figure H.7.

A uniform flux, corresponding to a recharge rate of 0.1 cm/yr, was specified for the upper boundary
condition of the model domain. The lower boundary was held at a pressure head of approximately -
401.5 cm, which corresponded to a volumetric water content of 0.04058 for the backfill soil. This water
content and pressure head were consistent with aO.1 cm/yr recharge rate and a unit hydraulic gradient. A
unit hydraulic gradient boundary condition would have been more appropriate for this problem, but this
option was not available in the PORFLOW code. Lateral boundaries were specified as zero-flux or no-
flow boundaries. The initial conditions were specified as uniform liquid saturations of 0.265958 and
0.9241 for the backfill soil and clay cap, respectively. The water retention and saturated hydraulic
conductivity parameters that represented the backfill soil and clay cap for this benchmark problem are
listed in Table H.2.

Benchmark problem I was simulated with PORFLOW by using arithmetic and harmonic averaging
of the intemodal hydraulic conductivities for a 500-year simulation period. This problem was also simu-
lated with TRACR3D by using arithmetic, geometric, and harmonic averaging, in addition to the code's
original averaging scheme, which uses the product of the harmonic mean of intrinsic permeabilities and
fully upstream weighted relative permeabilities.

Table H.2. Water Retention and Hydraulic Conductivity Parameters for Benchmark Problem I

Material Type Ks(cm/s) 0, . 0, a(cm') n

Backfill Soil 3.0 x 10-2 0.376 0.018 0.086 1.742
RCRA Clay Cap 9.4 x 1W 0.448 0.000 5.4 x 104 1.324

H.25
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In Figure H.8, instantaneous fluxes passing through the horizontal and vertical flux planes for three
different internodal conductance averaging schemes are plotted as a function of time. The geometric
mean option is not shown because this option was not used in the PORFLOW simulations, and the results
obtained using this option with TRACR3D were intermediate between the results obtained using
arithmetic and hlrmonic averaging.

' The original averaging scheme used by TRACR3D resulted in a horizontal-to-vertical flux
ratio of approximately 100:1 for this problem. In other words, when the original TRACR3D internodal
hydraulic conductivity averaging scheme was used, the flux of water that was laterally diverted around
the clay cap was approximately 100 times greater than the flux of water allowed to pass through the clay
cap. When arithmetic or harmonic averaging was used, this horizontal-to-vertical flux ratio was reversed.

Steady-state flow fields were obtained within 75 to 100 years of simulation time with both
PORFLOW and TRACR3D when arithmetic or harmonic averaging was used. However, a steady-state
flow field had still not been achieved after 500 years of simulation time using the original TRACR3D
averaging scheme.

Efforts were made to ensure consistency between the parameters that were input to PORFLOW and
TRACR3D for this benchmark problem. However, the codes were allowed to adjust time step sizes as
needed. Therefore, the differences in the instantaneous fluxes calculated by the codes using the arith-
metic or harmonic averaging schemes may be due in part to differences in time step sizes. Both codes
require different units for initial and boundary conditions, fluid properties, etc. Therefore, some of the
differences between the simulation results might also be attributed to the number of significant figures
that were carried through the unit conversions. However, the differences between the results generated by
the codes using the same averaging schemes were relatively small and probably negligible compared to
the differences that resulted from arithmetic or harmonic averaging versus the original TRACR3D
averaging scheme.

Volumetric water content values generated by the different averaging schemes were also compared.
The absolute value 1.369 x I Or at t = 500 years for the maximum difference between the volumetric
water content values generated by TRACR3D and PORFLOW using the arithmetic mean of intemodal
hydraulic conductivities. In contrast, the absolute value was 5.646 x 0 at t = 500 years for the
maximum difference between volumetric water content values generated using TRACR3D with its
original averaging scheme and PORFLOW with arithmetic averaging.

Volumetric water content values generated by TRACR3D with its original and arithmetic avenging
schemes and PORFLOW with arithmetic averaging are shown in cross section for the modeled domain in
Figure H.9. Only the 0.05 and 0.4 cm3/cm3 contours are plotted to provide clarity for these comparisons.
For the arithmetic averaging case, only the outline of the clay cap is evident from the results generated by
both PORFLOW and TRACR3D. However, for the case using the original TRACR3D averaging
scheme, a distinct "spill-over" lobe is shown by the 0.05 contour, which illustrates the lateral diversion of
water over the clay cap.
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The results-of-this benchmark problem confirmed the hyptuhiesis that differences in the results gen-
erated by TRACR3D and PORFLOW for simulations with heterogeneous material properties can be
attributed primarily to different intemodal conductance averaging schemes. With respect to transport
simulations for the performance assessment, higher water fluxes passing directly through the clay cap,
obtained using arithmetic averaging, translated into a potential for greater simulated releases of contami-
nants fom the underlying grout waste form.

Results of a literature review indicated that none of the commonly used averaging schemes for
unsaturated flow modeling ar necessarily accurate with relatively coarse grids for all conditions. The
differences between results generated using the different averaging schemes become less pronounced with
finer discretization, although at additional computational expense. To obtain comparable simulation
results with the TRACR3D and PORFLOW codes, and to minimize computer CPU time, the arithmetic
averaging option was adopted for use in the performance assessment simulations.

H.5.5 Benchmark Test Problem 2

Benchmark problem 2 represented a full-sized performance assessment flow and transport problem.
The modeled domain represented a 34.9-m-wide by 85.35-m-high cross section, extending from the
assumed postclosure position of the water table to the ground surface at the Grout Treatment Facility.
This cross section is depicted in Figure H.10.

The finite difference grid used by TRACR3D for benchmark problem 2 is shown in Figure H. I1.
This grid consists of 77 nodes in the horizontal direction and 162 nodes in the vertical direction, for a
total of 12,474 nodes in the active computational domain. As noted previously, the TRACR3D and
PORFLOW codes use block-centered and node-centered discretization schemes, respectively. Therefore.
the finite difference grid used for the PORFLOW simulations was slightly different than the grid shown
in Figure H. i1. However, both grids were designed with same-size "hot grout" areas (Figure H. 10) so
that both codes would start with identical initial volumes of contaminant. -Minimum-and-maximum node
spacings of approximately 0. 1 and 1.0 m were used for both grids, and a minimum of 3 nodes was used to
represent the thickness of any given material. The finite difference grids were also designed to prevent
the distance between adjacent nodes from increasing or decreasing by more than a factor of
approximately 2.

A flux of water corresponding to a recharge rate of 0.1 cm/yr was specified for the upper surface of
the modeled domain. A fixed concentration equal to 0.0 was also specified for the upper boundary. The
lower boundary was held at a pressure head equal to 0. corresponding to a water table at atmospheric
pressure. A zero-concentration-gradient boundary condition was also specified for the lower boundary.
The side boundaries were specified as no-flow and zem-concentration-gradient boundaries, based on
symmetry considerations.
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An initial pressure head of approximately -74.9 cm was specified for all the engineered materials
and backfill soil. This pressure head corresponded to an assumed volumetric water content of 10% for the
backfill soil. The initial pressure heads in the soils underlying the engineered materials and backfill soil
were assigned values corresponding to a recharge flux of 0.1 cni/yr under a unit hydraulic gradient.

The initial normalized concentrations for the transport simulations were specified as 0 everywhere,
except for the domain region labeled "hot grout" in Figure H.10. An initial normalized concentration of
1.0 was specified for this region.

The material properties used for benchmark problem 2 were similar to those used for the perform-
ance assessment simulations, with the exception of the gravel overlying the grout vault, and other modi-
fications to approximate asphalt cracking, and degradation. The material properties assigned to the region
labeled "gravel" in Figure H.10 were assigned the values of the backfill soil properties. The saturated
hydraulic conductivities, van Genuchten model water retention parameters, and bulk densities for these
materials are listed in Table H.3. The hydraulic and transport properties assigned to cold grout and hot
grout are identical.

-Thexchange from gravel to backfill soil properties in the region of the model domain overlying the
grout vault was necessary because the gravel properties create a capillary break, which laterally diverts
water over the gravel. This lateral diversion of water creates very high Velocities in this region of the
domain. The S301 code automatically checks Courant numbers. This code also forces the time

Table H.3. Hydraulic Parameters for Benchmark Problem 2

Material K,(cm/s) , O, g(cm-) n pb(g/cc)

Hanford Formation
Sandy sequence 1.55 x 10" 0.4203 0.0234 0.1943 1.868 1.68
Gravel sequence 2.73 x 104 0.3584 0.0213 0.0290 1.613 1.73

Ringold Formation 2.42 x 10-' 0.4982 0.0283 0.0176 1.338 1.45
Backfill Soil 3.00 x 10.2 0.3710 0.0450 0.0683 2.080 1.65
RCRA Clay Cap 1.00 X 10- 0.4480 0.0000 5.39 x 104 1.324 1.45
DSSF Grout 1.47 x 10 4  0.5781 0.0000 1.08 x 10. 1.650 1.10
Concrete 3.75 x 10.W 0.2258 0.0000 7.61 x 10' 1.393 1.98
Asphalt& 1  1.00 x 10-20 0.162 0.0000 1.00 x 10 2.000 1.75
Asphalt 2 3.00 x 10.2 0.202 0.0450 0.0683 2.080 1.38

(a) Asphalt I and 2 refer to the hydraulic parameters assigned to the asphalt at t S 90,000 yr
and t > 90,000 yr, respectively.
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steps to be small enough to satisfy the Courant condition (Cn 51) over the entire modeled domain, ensur-
ing stability of the explicit solution scheme. The high velocities in the gravel overlying the grout vault
forced the time steps used by the S301 code to be too small to allow conduct of simulations within a
reasonable amount of time. Therefore, for the purposes of these benchmark comparisons, the hydraulic
properties in the region of model domain representing gravel were simply changed to the properties of the
backfill soil, which allowed for much larger time steps. For theperfornance assessment simulaintions, the

contaminants are located in the grout itself, below the gravel. Therefore, large Courant or Peclet numbers
in the gravel overlying the grout vault were considered to be relatively insignificant.

To simulate contaminant transport, the adsorption behavior of various radioactive species in the dif-
ferent materials was represented using distribution coefficients, Rd, which are defined as:

R amount of radionuclide adsorbed on solid per g solid (21)
amount of radionuclide in solution per mL of solution

The distribution coefficient is related to the retardation factor, R1, as:

Rr = I + (pfe)R (22)

where p, is the dry bulk density (M/L'), and e is the porosity. The porosity was assumed-equivalent to the
saturated water content, O.-

The retardation factor represents the ratio of the mean water velocity to the mean contaminant
velocity in the porous medium. The porosity or saturated water content was used for calculating retarda-
tion factors to conservatively estimate solute mobilities, even though most of the materials in the perform-
ance assessment simulations are unsaturated.

Three different cases or "bins" were simulated. These bins represented groupings of radioactive
species having similar retardation behavior, without directly accounting for specie half-lives. The param-
eters for Bin IA conservatively represented species such as '"I and "Ru. The parameters for Bins 2A
and 2B conservatively represented species such as "tc and "Nb, respectively. Transport parameters for
the different material types and bin numbers selected for this benchmark problem are shown in Table H.4.

f wa assumed that no contaminants are attenuated in the concrete vault or in the asphalt diffusion
barrier. Therefore, the distriLu on coefficients and retardation factors for all contaminants in these
materials were assigned values of R, = 0.0 and Rf = 1.0, respectively.
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Table H.4. Retardation Factors and Distribution Coefficients for Benchmark Problem 2

Bin 8TD' Grout R, Soil R, Species

IA 5.781 x 10-' 1.0 0.0 "1, '"Ru
2A 5.781 x 10-7 4.8 0.0 "Tc
2B 5.781 x 10-7 4.8 0.67 9Nb

(a) 0 = 0.5781 (volume fraction pore water in grout)
T = 0.04 (tortuosity factor)
D. = 2.5E-5 cm2/s (coefficient of molecular diffusion).

Dispersivities were set equal to 0 for all material types in this benchmark problem and in the per-
formance assessment simulations. Effective diffusion coefficients for the different material types were
assumed to be a function of volumetric water content, 0, following the empirical relationship of Kemper
and van Schaik (1966):

D,0) = D. - a exp(bO) (23)

where a and b are empirical constants.

Data from Olsen, Kemper, and van Schaik (1965) and Porter et al. (1960) for soils using NaCL as
the diffusing species fit the exponential equation fairly well, with "b" = 10 and "a" as a function of soil
surface area. Olsen and Kemper (1965) cite values of "a" ranging from 0.005 to 0.00! for soils ranging in
texture from sandy loam to clay. For this benchmark problem and the performance assessment
simulations, the values of "a" and "b" were selected as 0.005 and 10, respectively. The diffusion coeffi-
cient parameters used for the different material types are shown in Table H.5. Note that for grout,
concrete, and asphalt (prior to 90,000 years), the values of "a" and "b" listed in Table H.5 are I and 0,
respectively. Hence, the effective diffusion coefficients are modeled as independent of volumetric water
content for these materials.
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Table H.5. Effective Diffusion Coefficients Used for Benchmark Problem 2
and Performance Assessment Simulations

Material D, (cm 2/s) a b

Hanford Fm, Sands 2.5 x I0W 0.005 10
Hanford Fm, Gravels 2.5 x 10' 0.005 10
Ringold Fm 2.5 x 10- 0.005 10
Backfill Soil 2.5 x IlOr 0.005 10
Grout 1.0 x 10-" 1.000 0
Concrete 5.0 x 10-' 1.000 0
RCRA Clay Cap 2.5 x 10' 0.005 10
Asphalt"' 1.0 x 1010 1.000 0
Asphalt 2 2.5 x 10 4  0.005 10

(a) Asphalt I and 2 refer to parameters fort 5 90,000 yr. and
t > 90,000 yr, respectively. (See note below regarding time-
dependent effective diffusion coefficients.)

The effective diffusion coefficients representing the asphalt diffusion barrier were modified as a
function of time to approximate the expected degradation of the asphalt. The time-dependent. effective
diffusion coefficient, D, was assumed to change according to the following equation:

D, - D/[I-(1 -1 x 10) (t/90000)] t 5 90,000 yr
(24)

D, - D, t > 90,000 yr

where t is time in years and all other parameters have already been defined. The rates of degradation and
change to a constant effective diffusion coefficient after 90,000 years were arbitrarily selected for this
benchmark problem. Some of the mechanisms expected to contribute to this degradation include oxida-
tion, volatilization, polymerization, and biodegradation. Measurements of biodegradation rates in asphalt
were made after this benchmark problem was simulated and are described in the main performance
assessment document.

It was also assumed that the concrer vault and asphalt diffusion barrier will eventually develop
cracks or stress fractures from seismic events or overburden p-'qsure, for example. The exact sizes and
locations of these cracks or fractures are unknown. However, the concrete vault was designed so that
primary cracks likely to develop will be located in the comers of the vault.
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A simplified representation of cracks in the concrete vault and asphalt-concrete diffusion barrier
was developed. A horizontal row of grid blocks in each of the lower comers of the vault was assigned the
same flow and transport parameters as the backfill soil to represent hypothetical cracks in the lower
comers of the vault and diffusion barrier. Each row extended outward from the "hot grout" through the
concrete vault and asphaP diffusion barrier to the backfill soil. A vertical column and horizontal row of
grid blocks in each of the upper comers, extending outward from the "cold grout" through the concrete
vault and asphalt diffusion barrier, were also assigned the properties of the backfill soil to represent
hypothetical cracks in the upper comers of the vault and diffusion barrier. The grid blocks for these
cracks were 10 cm wide. The hypothetical cracks and hydraulic properties assigned to them were
considered to be conservative. However, the equivalent hydraulic properties of the materials in the
vicinity of these cracks are highly uncertain and likely to change with time.

Three different transport cases weir simulated to represent the different bins. The time domain for
the simulations was extended until the outflow concentrations at the lower boundary of the model domain
had reached their peak values. Contour plots of average relative concentrations at the water table are
shown in Figures H. 12, and H.13 for the Bin IA simulations at times of 1000 and 10,000 years,
respectively. These figures show excellent agreement between the results generated by the PORFLOW
and TRACR3D/S301 codes. The effects of the hypothetical cracks are clearly evident and show that the
waste inventory is depleted the fastest near the comers of the vault.

Contour plots of relative concentration are shown in Figures H.14 and H.15 for the Bin 2A simula-
tions at times of 1000, and 10,000 years, respectively. Again, the results generated from PORFLOW and
TRACR3D/S301 are very similar.

The results generated from the Bin 2B simulations at times of 1000, and 10,000 years are shown in
Figures H.16 and H.17, respectively. Considering the complexity of this benchmark problem and the
differences in numerical solution techniques, the agreement between the PORFLOW and
TRACR3D/S301 results is considered excellent.

Log-transformed grid Peclet numbers generated from the S301 code using the saturation and veloc-
ity fields from TRACR3D at a time of 5000 years axe shown in Figure H. 18 for the upper 25.34 m of the
modeled domain. The top half of Figure H.18 shows the approximate range of grid Peclet numbers
generated from this simulation. The locations of the hypothetical cracks through the reinforced concrete
and asphalt-concrete are evident. In the lower half of Figure H. 18, only the grid Peclet numbers >2 are
shown (Ln 2 = 0.693).

The finite difference grid for this problem was designed so that the grid Peclet numbers would be
<2 over the entire modeled domain, before the cracking effects were considered. The Peclet number
maps shown in Figure H. 18 suggest the cracks that were embedded within the model domain are inducing
high velocities and creating large grid Peclet numbers within the domain area representing the
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grouted waste form. This suggests that further grid refinement in the region of the domain representing
the grouted waste form may be required (depending on the specific hydraulic properties that are assigned
to the cracks) to reduce possible inaccuracies in peak arrival times and concentrations resulting from
numerical diffusion.

As stated previously, the cracks appeared to be the primary feature controlling simulated contami-
nant releases from the grout vault for this case. Therefore, an accurate representation of these cracks was
essential.

Average relative concentrations as a function of time at the water table are shown in Figure H. 19 for
the Bin IA. 2A. and 2B simulations. These outflow concentrations also show excellent agreement
between the PORFLOW and TRACR3D/S301 codes. Note that the TRACR3D/S301 results only show
partial simulations (i.e., they were not run out as far in time as the PORFLOW simulations). The second
peaks in the bimodal arrival distribution curves for Bins 2A and 2B reflect the assumed complete
degradation of the asphalt-diffusion barrier at a time of 90,000 years.

H.6 Conclusions

Selected verification and benchmark problems were simulated using the PORFLOW, TRACR3D,
and S301 computer codes to test the ability of the codes to accurately solve unsaturated flow and transport
problems of the type required for the performance assessment.

Simulation results of a simple, two-dimensional flow verification problem using both the
PORFLOW and TRACR3D codes showed good to excellent accuracy based on RRMS error calculations.
Simulation results generated using both the PORFLOW and S301 codes for a simple, two-dimensional
solute transport verification problem were judged to be of acceptable accuracy when the grid Peclet
number was close to 2 (2.222). The transport results from both codes showed unacceptable accuracy for
larger grid Peclet numbers (80 and 2222), based on RRMS error calculations. This unacceptable accuracy
was attributed to excessive numerical dispersion.

Although the results of these verification problems generally agreed with the selected analytical
solutions, difficulties were-encountered in trying to obtain comparable benchmark results from
PORFLOW and TRACR3D for more complex problems with heterogeneous materials. These differences
made it necessary to modify the original intemodal conductance averaging scheme in the TRACR3D
code. Options were added to TRACR3D for calculating intemodal hydraulic conductivities using
arithmetic, harmonic, or geometric averaging, or a weighted conductance averaging scheme. The
implementations of these averaging schemes were then tested using a simple, two-dimensional flow
benchmark problem.

H.44



WHC-SD-WM-EE-004, Rev. 0

U

0-0 --- oSIN 1A - TRAC23J/S301
- BIN 1A - PORFLQW

C 0.08 -
C

0.06-

C 0.04 -
a
r

0.02 -

> 0.00 -

0 20 40 60 80 100 120 140
Time (x 1000 years)

0.10 --- SIN 2A - MACR3D/S301
- BIN 2A - PORFLOW

C 0.08

0.04

0 02

> 0.00-

0 20 40 60 80 100 120 :40
Time (x 1000 years)

1.10 -- BIN 23 - TRACRaD/Sflc
- SIN 23 - PCRFLOW

C 0.08-
0

e0.06

~ .04

0.02

'0.00-

0 20 40 6' 80 100 120 140
?ime (x 1000 years)

Figure H.19.- Average Reladve Outflow Concentranons at the Water Table as a Function of Time
for Benchmark Problem 2

H.45



WHC-SD-WM-EE-004, Rev. 0

Nearly identical flow solutions were obtained with PORFLOW and TRACR3D using the same
intemodal conductance averaging schemes. However, there appears to be no consensus in the literature
regarding a general, finite difference. internodal conductance averaging scheme for unsaturated flow
modeling that is practical and accurate under all conditions. Therefore, the arithmetic mean was selected
for the verification and benchmark problems in this appendix and for all the performance assessment
simulations.

After modifying the intemodal conductance averaging schemes in TRACR3D, nearly identical
results were also obtained using PORFLOW and TRACR3D/S301 for a complex, large-scale, two-dimen-
sional flow and transport benchmark problem. This benchmark problem used the same computational
grid and most of the hydraulic and transport parameters that were used for the performance assessment
simulations. The hydraulic properties of hypothetical cracks embedded within the model domain
appeared to be the primary (most sensitive) parameters controlling the simulated release of contaminants
from the waste form. Therefore, an accurate representation of these cracks is essential. Considering the
complexity of this benchmark problem and the differences in the numerical approximations used by the
different codes, the similarity of the results obtained for benchmark problem 2 was considered excellent.

Extensive grid convergence tests were not conducted for the benchmark problems because of the
excessive CPU time already required for the large-scale simulations. Therefore, the effects of possible
solution inaccuracies resulting from inadequate spatial discretization have not been quantified. However,
the grid Peclet numbers for the benchmark problem 2 and for the low recharge cases (0.1 cm/yr) in the
performance assessment simulations are <2 over most of the modeled domain. Therefore, these results
are assumed to be reasonably close to the "true" numerical solutions.

Because of the difficulties in accurately solving large-scale, advection-dominated transport prob-
lems using standard finite difference and finite element methods, mixed Eulerian-Lagrangian solution
methods have been developed, such as that incorporated in the S301 code. The particle-tracking feature
of the S301 code was specifically designed to correct for artificial numerical dispersion in high grid
Pecler number problems, but was found to be impractical for the large-scale performance assessment
simulations because it required excessive computational time. Other numerical approaches, such as flux
corrected transport schemes (Zalesek 1978), should be investigated as possible alternatives. Recent
advances in computer hardware, such as high-speed, massively parallel computers, should also allow
large-scale, transient unsaturated flow and transport problems to be simulated efficiently and accurately,
with much higher resolution than is currently practical with conventional computational platforms
(Dougherty 1991). The higher resolution and speed attained using parallel processing will help eliminate
some of the difficulties associated with using standard finite difference and finite element methods to
simulate large-scale, transient, unsaturated flow and transport problems.
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Appendix I

GENII Computer Code: Description Of The GENII and
GENII-S Computer Codes -

K. Rhoads and S. F. Snyder, Pacific Northwest Laboratory

The GENII computer code version 1.485 (Napier et a. 1988) was used to perform the environ-
mental accumulation and dose assessment calculations for all exposure scenarios except the drinking
water dose assessment. GENII (GENerati II), the second generation of Hanford environmental
dosimetry computer codes, was originally developed for environmental pathway analyses at Hanford.
It has been used for several years to perform dose calculations for the Hanford Site Annual Environ-
mental Report as well as for other routine assessments of Hanford facilities. Because GENII was
developed specifically for environmental accumulation and dose estimate calculations for the Hanford
region, use of this code is most appropriate for the performance assessment.

The GENII computer code was developed at Pacific Northwest Laboratory (PNL)a to incorpo-
rate the internal dosimetry models recommended by the International Commission on Radiological
Protection (ICRP 1977, 1979-1988, 1986) into updated versions of existing environmental pathway
analysis models. The GENII system was developed to provide a state-of-the-art, technically peer-
reviewed, documented set of programs for calculating radiation doses from radionuclides released to
the environment. Although the codes were developed for use at Hanford, they were designed with the
flexibility to accommodate input parameters for a wide variety of generic sites.

The system includes the capabilities for calculating radiation doses for acute releases, with
options for annual dose, committed dose, and cumulative dose; for calculating the same types of doses
from chronic releases; for evaluating exposure pathways including direct exposure via water
(swimming, boating, and fishing), soil (surface and buried sources), air (semi-infinite cloud and finite
cloud geometries), inhalation, and ingestion pathways. The release scenarios include acute releases to
air from ground level or elevated sources, or to water and initial contamination of soil or surfaces.
Source term variations include decay of radionuclides to the start of the exposure scenario, input of
total radioactivity or specified fractions, and input of measured concentrations in specified
environmental medih fr trfaces are provided for external calculations of atmospheric dispersion,

(a) Pacific Northwest Laboratory is operated by Battelle Memorial Institute for the U.S. Department
of Energy under Contract DE-AC06-76RLO 1830.
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geohydrology, biotic transport, and surface water transport. Target populations are identified by
distance and direction for individuals, populations, and for intruders into contained sources. To
accommodate the initial requirements on the design of the codes, the Hanford Environmental
Dosimetry System was written to determine radiation doses to individuals or populations from a wide
variety of potential exposure scenarios. The core system may be used to calculate annual doses, dose
commitments, or accurrulated doses from acute or chronic releases of radioactive materials to air or
water.

The Hanford Environmental Dosimetry System (GENII) is composed of seven linked computer
codes and their associated data libraries. These codes and their linkages are illustrated in Figure I.1.
The computer programs are of three types: user interfaces (i.e., interactive, menu-driven programs to
assist the user with scenario generation and data input), intemal and extemal dose factor generators,
and the environmental dosimetiy programs. -For -maximum-fexibility,- the -portion of the code used for
an analysis of short-term scenarios (as opposed to 10,000-year migration analyses) has been divided
into three interrelated but separate exposure and dose calculations, respectively.

GENII is described in three volumes of documentation (Napier et al. 1988). Volume I describes
the theoretical considerations of the system, including conceptual diagrams, mathematical representa-
tion of the solutions, and descriptions of solution techniques, where appropriate. The second volume
is a Users' Manual, providing code structure, users' instructions, required system configurations, and
topics related to quality assurance (QA). The third volume is a Code Maintenance Manual for the user
who requires knowledge of code detail, including code logic diagrams, global dictionary, worksheets,
example hand calculations, and listings of the code and its associated data libraries.

1.1 Quality Assurance Requirements for the GENII Computer Code

The GENII software package was developed under a QA framework that implemented the
requirements of ANSI/ASME NQA-1 (ASME 1986). NQA-1 specifies that the following items be
addressed for hardware design control: -

* design input

- design process, including design analysis

- design verification

- change control

- interface control

documentation and records.
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User

APPRENTICE:
User Interface

ENVIN:
Inp t Setup

ENV:
Environmental

Calculations

EXTDF: External _DOSE: Dosimetry (NTDF: Intemnal ITTy: Long.
Dose Fact ors H and Output f se Factors enn Calculations

Results

Figure 1.1. Component Programs of the GENII Software Package

The QA procedures applied during development of the GENII code were an interpretation of the
NQA-l hardware requirements for software. The software design process consisted of developing and
internally testing software in accordance with the design input. The GENII package has been exten-
sively tested and verified by hand calculations and benchmarked against similar Hanford environmental
dosimetry programs. Also, the models implemented by the code have undergone technical review hy
an external panel of experts.

1.2 Performance Assessment Use of GENII

GENII was used in this performance assessment to produce estimates of

external exposure doses from radionuclides in groundwater, surface "er, surface soil, and
buried waste

inhalation doses from resuspended material
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- ingestion doses from intakes of contaminated water, food crops, animal products (e.g.,
meat, eggs), and inadvertently consumed soil.

All pathway dose estimates are essentially the product of radionuclide concentration in the medium of
interest (i.e., air, water, or food); the intake rate via ingestion and inhalation or exposure time for
external exposure; and the appropriate uose conversion factor (DCF). The appropriate combination of
pathway algorithms (external exposure, inhalation, or ingestion) was activated for each scenario. A
brief description of how each pathway is modeled in GENII is provided in Section I.I.

Values for many input parameters needed to produce GENII dose estimates are specified by the
user as part of the scenario definition process. Default values for a number of other parameters are
incorporated directly into the GENII code or into data files that are generally not modified by the user
(e.g., the GENII\DEFAULT.IN file). Parameters that am common to several scenarios are discussed in
Section 1.5; parameters specific to each scenario are tabulated in the individual scenario discussions
(see Appendix J).

Rather than using the GENII code to produce final dose estimates, the code was used to generate
"scenario dose factors" (scenario DFs) based on unit radionuclide concentrations in grout, groundwater,
or surface water. This approach was used because development of the waste inventory and ground-
water transport niodeling were done concurrently with scenario development. Scenario DFs were used
to calculate dose to the receptor by multiplying the final concentration in waste or environmental
media by the radionuclide-specific DF.

To derive a scenario DF, it was assumed that a unit activity of a given radionuclide was con-
tained in grout, soil, or the downgradient water supply. External exposure, inhalation, and ingestion
dose estimates for unit concentrations of each relevant radionuclide were then calculated using GENII.
The scenario DFs also include the dose contributions from buildup of radioactive progeny following
decay of parent nuclides in the media of interest.

1.3 The GENII-S Computer Code

In addition to the GENII code, GENII-S (Leigh et al. 1992) was used to determine the
sensitivity of dosimetry results to the exposure pathway and dosimetry parameters used for this PA.

-GENII-S- is a modified vers;on f of Om GENI wde that mintins the original software algorithms
incorporated into a sensitivity and uncertainty analysis software (SUNS) shell. Implementation of the
SUNS shell gives the user the capability to perform sensitivity analyses in a single operation, thereby
eliminating the need for manual interfaces between the results of multiple GENII calculations and an
independent sensitivity analysis software package.

GENII-S allows the user to specify ranges for variable parameters along with their associated
probability density functions (PDFs). Permissible types of PDFs within the code include uniform. log-
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uniform, triangular, normal, and lognormal. The code selects random values for each variable using a
Latin hypercube sampling technique based on the user-specified parameter ranges and distributions.
The GENII software is then run for a predetermined number of trials using a different set of randomly
selected variables for each run. The results of the trials are complied into a cumulative distribution
function, and other statistical analyses are also available to determine the interdependence of various
parameters in the calculation. A discussion of PDF selection can be found in Snyder et al. 1992.
Ranges for the variable parameters and their associated PDFs used in this analysis are listed in
Appendix Q.

1.4 GENII Exposure Pathways

Following shallow-land burial, several pathways may account for an individual's exposure to
radioactive materials, including external exposure, inhalation, and ingestion. All of the internal dose
estimates reported in this analysis represent a 50-year committed dose resulting from intake during a
single year. A summary of the GENII exposure pathway models are presented in the following sec-
tions. A more detailed description of the GENII modelling approach can be found in the code
documentation (Napier et al. 1988).

1.4.1 GENH External Exposure Dose Models

xtenal exposure in this perfonance assessment is the result of exposure to penetrating radia-
tion from radionuclides in contaminated surface soil and the grout vaults themselves. External doses
from surface soil are the result of either exhumation of a portion of the grout during well drilling or
contamination that results from irrigation water applications. The dose from surface soil exposure con-
siders uniform distribution of radionuclides in the upper 15 cm of soil, depletion of the initial radionu-
clide concentration by radioactive decay, and depletion by leaching of radionuclides in the plow layer
to deeper soil layers over the growing season.

Dose estimates for penetrating radiation from the buried grout are modelled to account for
attenuation by the 5-m layer of soil above the grout vaults. No external doses were calculated from
resuspended soil because they are negligible compared to other pathways. Two components of the
external exposure dose calculation - finite area corrections and indoor and outdoor exposures - require
more detailed discussion in the following sections.

1.4.1.1 Finite Area Contamination

An external exposure correction factor is included in the calculations for extem. owes from
small areas of contaminated ground. Areas larger than 1250 m2 are considered to be an "infinite
plane" source, whereas smaller areas require use of a dose rate reduction factor. The code data library
contains surface contamination DFs for an infinite plane source, and they must be adjusted by the
reduction factor if the contaminated area is sufficiently small. A dose rate reduction factor was used
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only in the driller scenario because contamination was assumed to be limited to an ama 100 m. The
external ground surface dose factors used for this analysis were also based on the assumption that con-
tamination was uniformly mixed in the top 15 cm of soil.

1.4.1.2 Indoor and Outdoor Exposure

The exposure time to soil contamination used for external exposure dose calculations in the post-
drilling, irrigated farm, and Columbia River scenarios warrants clarification. Radionuclides in the
upper soil layers present a pathway for external exposure. If an individual is outdoors at all times, the
dose calculation is relatively straightforward. However, individuals located indoors have a reduced
exposure to penetrating radiation from radionuclides in the soil because of increased distance and
shielding by building materials. For the purposes of this PA, individuals are assumed to spend a por-
tion of their time indoors.

External exposure dose estimates can be calculated by considering the indoor and outdoor expo-
sure periods separately, or alternatively as done for this PA, as an "effective outdoor exposure time."
The calculation of the effective outdoor exposure time is shown in Equation 1.

-. Af = t., + (to S) (1)

where t.,, = effective outdoor exposure time

t, = time spent outdoors, h/yr

t = time spent indoors, h/yr

S = shielding factor, dimensionless. -

Each parameter in the above equation is subject to substantial uncertainty. The amount of time spent
outdoors depends on weather, demographic characteristics, and personal preferences. The shielding
factor depends on the radioisotope content of the upper soil layer and building construction (both
design and materials). The assumptions used for this PA are based on an effective outdoor exposure
time of 0.5, which would be equivalent to the following assumptions:

t, = 789 h

t. = 7977 h

S = 0.45

1.6



WHC-SD-WM-EE-004, Rev. 0

1.4.1.3 Scenario External Exposure Doses

Sources of external exposure to radionuclides include both the buried grout and the radionuclides
transported to the upper soil layer. The following lists the external dose contributors used for each
scenario:

Scenario External dose from

Driller Buried grout, upper soil layer
Post-driller Buried grout, upper soil layer (effective outdoor exposure)
Irrigated farm Upper soil layer (effective outdoor exposure)
Columbia River Upper soil layer (effective outdoor exposure)
Drinking water No external dose

No external doses were calculated for resuspended soil, because screening calculations indicated
that external doses from resuspended materials were 5 orders of magnitude lower than those from the
upper soil layer. Therefore, neglect of this pathway does not affect the external doses estimated for
the PA.

1.4.2 GENII Inhalation Dose Model

Internal doses may result from inhalation of radionuclides resuspended from the soil surface by
wind or other mechanical disturbance. A mass loading model was used to approximate the radionu-
clide concentrations in airborne particulates by assuming the particulate concentrations were equivalent
to the radionuclide concentrations in soil. Instantaneous equilibrium between the activity in soil and
airborne pariculates was assumed. Individuals were assumed to inhale contaminated air at the rate of
8520 m3/yr, a value consistent with inhalation rates for the reference man (ICRP 1975). All scenarios
except the drinking water scenario evaluate the inhalation dose from soil resuspension.

I.43 GENII Ingestion Dose Models

Internal doses can also result from the intake via ingestion of contaminated water, food crops,
animal products, and soil. The radionuclide concentrations in food products are calculated by the
GENII code from their concentrations in soil or in water (surface- or groundwater) used for irngation
or direct consumption.

Ingestion of radioactive materials via food crops may result from root uptake, irrigation with
contaminated water, and soil resuspension with subsequent deposition onto leaves. Radionuclide con-
centrations in food crops following root uptake are calculated using concentration ratios (CRs), which
are empirically detennined estimates of radionuclide concentrations in plants based on the radionuclide
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concentration in soil. External contamination of the food crop via deposition of resuspended soil or
irrigation water is determined using an interception fraction, which is related to the above-ground
biomass for each type of crop.

Radioactive materials ingested by animals via contaminated water and feed subsequently become
incorporated into edible products (meat, milk, eggs) consumed by humans. Radionuclide concentra-
tions in animal products are calculated from the rates of intake by animals multiplied by a transfer
factor. The transfer factor is an empirical quantity that relates the animal's radionuclide intake rate to
the concentration ultimately found in edible products. Again, instantaneous equilibrium is assumed
between the radionuclide concentrations in animal feed and water and that in the edible food products.

1.5 Databases used by GENII

This section describes and lists parameters used in the GENII code. Radionuclide-dependent
(e.g., dose conversion factor) and element-dependent (e.g., concentration ratio) data are distributed with
the code in the form of text or binary data libraries. Some of the values for parameters in the default
databases distributed with the GENII code were replaced with alternate values for use with this analy-
sis. The alternative databases were developed either to incorporate updated parameter values or to
substitute values.that better represent scenario-.specific pathways and conditions.

1.5.1 Dose Conversion Factors

Dose conversion factors (DCFs) are radionuclide-specific parameters that repiesent the dose
resulting from a unit intake or exposure to a unit-concentration source of a given radionuclide. Five
different types of radionuclide DCFs are used to calculate the final scenario DFs for this analysis.
Inhalation and ingestion DCFs represent the internal dose following intake of a unit quantity of radio-
nuclides via each pathway. External DCFs include the external dose from radionuclides per unit con-
centration in surface-soil, buried waste, or immersion in water. The dose from external sources
depends on the radionuclide concentration in the source medium, its geometry with respect to the
receptor, the type and quantity of shielding material (if any), and the time over which the individual is
exposed to the source. Listings of both external and internal dose conversion factors have been pub-
lished by the U.S. Department of Energy (1988a, 1988b).

1.5.1.1 Internal DCFs

Internal DCFs for the inhalation and ingestion pathways are calculated by the GENII code for a
particular exposure and dose commitment period based on models recommended by the International
Commission on Radiological Protection in Publications 26, 30, and 48 (ICRP 1977, 1979-1988, and
1986). The GENII libraries for inhalation and ingestion DCFs are provided as incremental dose
factors in a binary format to permit calculations for a variable dose commitment period. To display
the internal DCFs calculated by the GENII code for a 1-year exposure with a 50-year dose
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commitment period, a test scenario was performed to generate a listing of the inhalation and ingestion
DCFs for pertinent radionuclides (See Exhibit 1.1).

Inhalation and ingestion DCFs depend, in part, on the chemical form of the radionuclide at the
time of intake. The chemical forms associated with the maximum DCF values for each radionuclide
were used for this analysis because the chemical forms of the radionuclides are either unknown or are
subject to change after release from the waste site. For comparison purposes only, the maximum
GENII and maximum DOE (1988b) internal DCF values are listed in Exhibit 1.1 for all grout inven-
tory radionuclides and their progeny evaluated in this PA. Differences between the maximum GENII
and maximum DOE DCFs are the result of minor differences in the derivation method and metabolic
model assumptions. Exhibit 1.1 shows that the GENII and DOE ingestion and inhalation DCFs gener-
ally agree within ± 10%.

1.5.1.2 External DCFs

External DCFs were used in this PA to determine the dose from exposure to contaminated soil
or grout and from immersion in contaminated water. GENII soil surface DCFs represent the dose
from a unit concentration of radionuclide uniformly dispersed in the upper 15-cm soil layer, whereas
DOE soil-surface DCFs indicate the dose from a unit concentration of radionuclide on the ground
surface. The GENII values are somewhat lower than the DOE values because of the added shielding
effect of having the radionuclides dispersed thmugh the soil surface layer. Because the .PA scenarios
involving con nedspjesultfrom excavarioni o buried -agui-or irrigation depos;tion on
cultivated ground (as opposed to air deposition of radionuclides on the soil surface), the GENII soil
surface DCFs are more appropriate for this analysis and are used in preference to the DOE soil-surface
DCFs.

The water immersion DCFs were used in the Columbia River Scenario for exposure during
swimming only. The default water immersion DCFs distributed with the GENII code were calculated
by a simplified adaptation of the method used to determine the DOE values (DOE 1988a). For this
analysis, a library containing the DOE values for radionuclides evaluated in the Columbia River sce-
nario was substituted for the GENII default library because the DOE DCFs were calculated in a more
rigorous manner. These values are shown in Exhibit 1.2.

1.5.2 Concentration Ratios and Transfer Factors

Concentration ratios-(CRs) are used to estimate the radiun uc tuncentrdtions in vegetation
from root uptake of radionuclides in soil. Transfer factors (TFs) are used to calculate the animal prod-
uL. contamination levels resulting from animal ingestion of radionuclides via feed and drinking water.
The values for CRs a.. TFs are element dependent rather than radionuclide dependent. For this
analysis, the default CR and TF libraries distributed with the GENII code were replaced with a library
containing values from Kennedy and Strenge (1992), which are based on a more recent comprehensive
literature review (IUR 1989). Most TFs for poultry and eggs in the revised library were identical to
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the GENII default values because little new information was available in this area. The Kennedy and
Strenge CRs and TFs are listed in Exhibit 1.3. As in the original GENII library, CR and TF values are
not provided for noble gases because they are not concentrated in plant or animal tissues.

Parameters similar to the animal-product 'is ar used in the Columbia River Scenario to esti-
mate the radionuclide concentrations in fish that inhabit contaminated water. This parameter, the bio-
accumulation factor, relates the concentrations of radionuclides in aquatic animals and plants to the
concentrations in surrounding water. The GENII default values, listed in Exhibit I.4, were used for
freshwater fish, and no other aquatic foods were considered in this analysis. The only element evalu-
ated in the Columbia River Scenario for which a bioaccumulation factor was not available was fran-
cium, which results from decay of plutonium-239. However, this radionuclide is not present in large
enough quantities to contribute substantially to the dose.

1.5.3 Miscellaneous Default Parameters

A number of input parameters are used to describe regional and demographic conditions (e.g.,
irrigation rate, food consumption rates, etc.). In the GENII code these parameters are incorporated into
the dose calculation via both the "scenario input file" (i.e., the scenario.IN file) and a "default
parameter file" (i.e.. the DEFAULT.IN file in the distribution version of GENII). Scenario input files
are used to provide values for variables that would be expected to change from case to case (see
Appendix J), whereas the DEFAULT.IN file contains parameters specific to a particular region, but
which remain relatively constant for all types of scenarios.

The default parameter values used for this PA are shown in Exhibit 1.5 (driller scenario) and 1.6
(post driller, irrigated farm, and Columbia River scenarios). Both default parameter files are equiva-
lent to the original GENII distribution version except for the soil ingestion rates. Although the soil
ingestion rates shown in Exhibits 1.5 and 1.6 differ, the soil ingestion rates used in both scenarios were
equivalent to 100 mg/d. Because the exposure period was limited to 5 days in the driller scenario, the
total soil ingestion for the driller was equivalent to 100 mg/dfor five days. The GENII code models
soil ingestion over a 1-year period, therefore an effective soil ingestion rate over the entire year was
calculated (as 100 mg/d * 5 d/yr * I yr/365.25 d = 1.37 mg/d) for use in the driller scenario
DEFAULT.IN file.
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Maximum GENII and DOE Inhalation and Ingestion DCFs for Radionuclides
Considered in the Dose Assessment

Inhalation Ingestion
Radionuclide GENII DOE G/D'' Radionuclide GENII DOE G/D
H;3 9.0-O 6.3E -05 1.4 H3 6.12-E 05 6.3E -05 1.0
C 14 2.11 - 03 2.1E - 03 1.0 C 14 2.11 - 03 2.1E - 03 1.0
CO 60 2.0E - 01 1.5E - 01 1.3 CO 60 2.6E - 02 2.6E - 02 1.0
NI 63 3.0E-03_ 3I0E - 03 1.0 NI 63 5.5E -04 5.4E - 04 1.0
SE 79 9.51 - 03 8.9E - 03 1.1 SE 79 8.32 - 03 8.3E - 03 1.0
SR 90 2.0E - 01 2.3E - 01 0.9 SR 90 1.2E - 01 1.3E - 01 0.9
Y 90 8.7E - 03 8.2E - 03 1.1 Y 90 1.1E - 02 1.0E - 02 1.1
ZR 95 2.32 - 02 1.92 - 02 1.2 ZR 95 3.7E - 03 3.4E - 03 1.1
NB 95M 2.5E - 03 2.2E - 03 . 1.1 NB 95M 2.3E - 03 2.0E - 03 1.2
NB 95 5.7E - 03 4.5E - 03 1.3 NB 95 2.5E - 03 2.2E - 03 1.1
NB 94 3.8E - 01 3.3E - 01 1.2 NB 94 7.2E - 03 5.1E - 03 1.4
TC 99 8.6E - 03 7.5E - 03 1.1 TC 99 2.2E - 03 1.3E - 03 1.7
RU 103 9.0E - 03 7.8E - 03 1.2 RU 103 3.0E - 03 2.7E - 03 1.1
PD 103 1.6E - 03 1.42 - 03 1.1 PD 103 7.8E - 04 6.9E - 04 1.1
RH 103M 4.92 - 06 4.6E - 06 1.1 RH 103M 1.2E - 05 1.1E - 05 1.1
RU 106 4.71 -01 4.4E - 01 1.1 RU 106 2.7E - 02 2.1E - 02 1.3
SN 113 1.1E - 02 8.9E -03 1.2 SN 113 3.1E - 03 2.7E - 03 1.1

IN 113M 4.2E - 05 3.4E - 05 1.2 IN 113M 1.1E - 04 1.0E - 04 1.1
SB 125 1.2E - 02 9.8E - 03 1.2 SB 125 2.8E - 03 2.6E - 03 1.1
TE 125M 7.2E - 03 6.7E - 03 1.1 TE 125M 3.7E - 03 3.4E - 03 1.1

SN 126 9.82 - 02 8.6E - 02 1.1 SN 126 1.9E - 02 1.7E - 02 1.1
SB 126M 2.9E - 05 2.82 - 05 1.0 SB 126M 9.1E - 05 7.3E - 05 1.2
SB 126 1.2E - 02 1.0E - 02 1.2 SB 126 L.0E - 02 9.6E - 03 1.0
1 129 1.5E - 01 1.8E - 01 0.8 1 129 2.5E - 01 2.8E - 01 0.9
CS 134 4.3E - 02 4.7E - 02 0.9 CS 134 6.8E - 02 7.4E - 02 0.9

CS 135 4.5E - 03 4.5E - 03 1.0 CS 135 6.8E - 03 7.1E - 03 1.0
CS 137 3.0E - 02 3.2E - 02 0.9 CS 137 4.7E - 02 5.0E - 02 0.9
CE 144 3.7E - 01 3.5E - 01 1.1 CE 144 2.12 - 02 2.0E - 02 1.1
PR 144M 1.9E - 05 0.0E + 00 - PR 144M 4.8E - 05 0.0E + 00 -

PR 144 4.5E - 05 4.2E - 05 1.1 PR 144 1.2E - 04 1.1E - 04 1.1
EU 152 2.1E - 01 2.2E - 01 1.0 EU 152 6.3E - 03 6.0E - 03 1.1
EU 154 2.7E - 01 2.6E - 01 1.0 EU 154 9.22 - 03 9.1E - 03 1.0
EU 155 4.0E - 02 1.9E - 02 1.0 EU 155 1.5E - 03 1.3E - 03 1.2
TH 230 3.2E + 02 3.2E + 02 1.0 TH 230 5.4E - 01 5.3E - 01 1.0
RA 226 8.1E + 00 7.9E + 00 1.0 RA 226 9.5E - 01 1.1E + 00 0.9
RN 222 0.0E + 00 0.0E + 00 - RN 222 0.0E + 00 0.0E + 00 -

PB 210 1.4E + 01 1.3 + 01 1.1 PB 210 5.3E + 00 5.1E + 00 1.0
8I 210 2.0E - 01 1.9E - 01 1.1 BI 210 6.3E - 03 5.9E - 03 1.1
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Exhibit I.1. (contd)

Inhalation Ingestion

Radionuclide GENII DOE G/D' Radionuclide GENII DOE G/D
H 3 9.0E - 05 6.3E - 05 1.4 H 3 6.1E - 05 6.3E - 05 1.0
PO 210 9.7E + 00 8.1E + 00 1.2 PO 210 1.91 + 00 1.6E + 00 1.2
U 234 1.3E + 02 1.3E + 02 1.0 U 234 2.8E - 01 2.6E - 01 1.1
U 235 1.2E + 02 1.2E + 02 1.0 U 235 2.6E - 01 2.5E - 01 1.0
TH 231 8.3E - 04 8.1E - 04 1.0 TH 231 1.3E - 03 1.3E - 03 1.0
PA 231 1.3E + 03 1.3E + 03 1.0 PA 231 1.1E + 01 1.1E + 01 1.0
AC 227 6.7E + 03 6.7E + 03 1.0 AC 227 1.4E + 01 I.4E + 01 1.0
TH 227 1.6E + 01 1.6E + 01 1.0 TH 227 3.8E - 02 3.6E - 02 1.1
FR 223 7.8E - 03 6.1E - 03 1.3 FR 223 1.1E - 02 8.6E - 03 1.3
RA 223 7.7E + 00 7.5E + 00 1.0 RA 223 2.7E - 01 5.52 - 01 0.5
NP 237 64E + 02 4.9E + 02 1.3 NP 237 5.2E + 00 3.9E + 00 1.3
PA 233 9.5E - 03 8.6E - 03 1.1 PA 233 3.6E - 03 3.3E - 03 1.1
U 238 1.2E + 02 1.2E + 02 1.0 U 238 2.6E - 01 2.3E - 01 1.1
TH 234 3.5E - 02 3.3E - 02 1.1 TH 234 1.3E - 02 1.3E - 02 1.0
PA 234 8.5E - 04 7.4E - 04 1.1 PA 234 2.2E - 03 2.1E - 03 1.0
PU 242 4.0E + 02 4.8E + 02 0.8 PU 242 3.3E + 00 4.1E + 00 0.8
NP 238 4.3E - 02 3.IE - 02 1.4 NP 238 4.0E - 03 3.4E - 03 1.2
PU 238 3.9E + 02 4.6E + 02 0.8 PU 238 3.2E + 00 3.8E + 00 0.8
CM 244 2.5E + 02 2.7E + 02 0.9 CM 244 2.0E + 00 2.32 + 00 0.9
PU 244 4.0E + 02 4.8E + 02 0.8 PU 244 3.3E + 00 4.0E + 00 0.8
U 240 2.3E - 03 2.1E - 03 1.1 U 240 4.6E - 03 4.1E - 03 1.1
PU 240 4.3E + 02 5.1E + 02 0.8 PU 240 3.6E + 00 4.3E + 00 0.8
PU 241 8.2E + 00 1.0E + 01 0.8 PU 241 6.8E - 02 8.6E - 02 0.8
AM 241 44E + 02 5.2E + 02 0.8 AM 241 3.6E + 00 4.5E + 00 0.8
CM 243 3.1E + 02 3.5E + 02 0.9 CM 243 2.5E + 00 2.9E + 00 0.9
PU 243 1.5E - 04 1.5E - 04 1.0 PU 243 3.2E - 04 3.3E - 04 1.0
AM 243 4.4E + 02 5.2E + 02 0.8 AM 243 3.6 + 00 4.5E + 00 0.8
NP 239 2.5E - 03 2.2E - 03 1.1 NP 239 3.3E - 03 2.9E - 03 1.1
PU 239 4.3E + 02 5.1E + 02 0.8 PU 239 3.6E + 00 4.3E + 00 0.8

(a) The G/D value indicates the ratio of the GENII value to the DOE value.
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Exhibit 1.2. External Dose Factors for Surface Soil Contamination and Water Immersion

Soil Surface (GENII) Water Immersion (DOE)

mrem/yr per mremlyr per
Radionuclide pCi/m' Radionuclide pCi/rn

H 3 - 2.57E-10 C14 0.00E + 00

C060 5.80E + 01 SE79 0.00E + 00

N163 1.40E - 06 NB94 1.77E + 01

SE79 3.93E - 05 TC99 6.18E - 06
SR90 2.62E - 03 1 129 1.07E - 01

Y 90 1.46E - 01 U 234 1.86E - 03

ZR95 1.79E + 01 U 235 1.72E + 00

NB95M 1.21E + 00 TH231 1.37E - 01

N895 1.94E + 01 PA231 3.34E - 01

NB94 3.58E + 01 AC227 1.44E - 03

TC99 3.71E - 04 FR223 5.33E - 01

RU103 1.25E + 01 RA223 1.51E + 00

PD103 2.31E - 02 NP237 2.68E - 01
RHI03M 2.45E - 03 PA233 2.37E + 00

RU106 5.61E + 00 U 238 1.29E - 03

SN113 1.14E - 01 TH714 9.13E - 02

1N113M 5.66E + 00 . PA234 2.21E + 01
SB125 1.14E + 01 AM241 2.33E - 01

C 14 5.51E - 05

TE125M 6.47E - 02

SN126 3.83E - 01

S8126M 4.03E + 01

SB126 6.79E + 01

1 129 4.08E - 02

CS134 4.00E + 01

CS135 1.07E - 04

CS137 1.39E + 01

CE144 2.28E - 01
PRI44M 3.93E - 02

PR144 1.03E + 00

EU152 2.77E + 01

EU154 2.87E + 01

EU155 6.62E - 01
TH230 3.01E - 03
RA226 6.72E - 02
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Exhibit 1.2. (contd)

Soil Surface (GENII)

Radionuclide

RN222

PB210

B1210

P0210

U 234

U 235

TH231

PA231

AC227

TH227

FR223

RA223

NP237

PA233

U 238

TH234

PA234

PU242

NP238

PU238

CM244

PU244

U 240

PU240

PU241

AM241

CM243

PU243

AM243

NP239

PU239

Water inmersion (DOE)

mam/yr per
pCi/r-'

4.32E + 01

7.66E - 03
2.10E - 02
2.05E - 04

1.39E - 03

1.76E + 00

1.08E - 01

6.87E - 01
1.89E - 03

2.02E + 00

7.19E - 01
6.13E + 00

2.16E - 01
5.19E + 00

6.32E - 04
4.79E - 01
4.67E + 01

3.83E - 04

1.36E + 01

4.62E - 04

3.73E - 04

2.72E - 04

8.94E + 00
4.59E - 04

8.55E - 10

1.05E - 01

2.16E + 00

2.43E - 01
3.85E - 01
2.96E + 00
1.02E - 03

Radionuclide
mam/yr per

pCi/M3
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Exhibit 1.3. Concentration Ratios(') and Transfer Factors() used in this PA

Leafy Other Fruit Grain Beef Poultry Milk Egg
Element Number Vegetable Vegetable - - day/kg day/kg day/L day/kg

H I - - - - - - - -

BE 4 1.0E-2 1.5E-3 1 5-3 1.5E-3 1.0E-3 4.0E-I 9.0E-7 2.0E-2

C 6 - 0.7 0.7 0.7 - - -

N 7 3.0E + 1 3.0E + 1 3.0E + 1 3.0E + I 7.5E - 2 1.0E - I 2.5E - 2 8.0E - I

F 9 6.0E - 2 6.0E - 3 6.0E - 3 6.0E - 3 1.5E - 1.0E - 2 1.0E - 3 2.0E + 0
NA II 7.5E - 2 5.5E - 2 5.5E - 2 5.5E - 2 5.5E - 2 1.0E - 2 3.5E - 2 2.0E - I

Mo 12 1.0E + 0 5.5E - I 5.5E - I 5.5E - I 5.0E - 3 3.0E - 2 4.0E - 3 1.6E + 0
s3 14 3.5E - I 7.0E - 2 7.0E - 2 7.0E - 2 4.0E - 5 2.0E - I 2.0E - 5 8.OE - I

P 15 3.5E + 0 3.5E + 0 3.5E + 0 3.5E + 0 5.5E - 2 1.9E - I 1.5E - 2 1.0E + I

S 16 1.5E + 0 1.5E + 0 1.5E + 0 1.5E + 0 1.0E-1 9.E- I 1.5E - 2 7.0E + 0
CL 17 7.0E + I 7.0E + I 7.0E + I 7.0E + 8.0E - 2 3.0E - 2 1.5E - 2 2.0E + 0

AR I - - - - - - --

K 19 1.0E +0 5.5E - I 5.5E - I 5.5E - I 2.0E - 2 4.0E - I 7.0E -3 7.0E - I

CA 20 3.5E +0 3.5E - I 3.5E - I 35E - I 7.0E - 4 4.4E - 2 L.0E - 2 4.4E - I
SC 21 6.0E-3 1.0E-3 1.0E-3 1.0E-3 1.5E-2 4.0E-3 5.0E-6 3.0E-3

CR 24 7.5E - 3 4.5E - 3 4.5E - 3 4.5E - 3 5.5E - 3 2.0E - I 1.5E - 3 8.0E - I
MN 25 5.6E -1 1.5E - I 5.0E - 2 2.9E - 4.0E - 4 5.0E -2 3.5E - 4 6.5E - 2
FE 26 4.0E - 3 1.0E - 3 L.0E - 3 1.0E - 3 2.0E - 2 1.5E + 0 2.5E - 4 1.3E + 0

CO 27 8.E - 2 4.0E - 2 7.0E - 3 3.7E-3 - 2.0E - 2 5.0E - I 2.0E - 3 1.0E - I

NI 28 2.8E - I 6.0E - 2 6.0E - 2 3.0E - 2 6.0E - 3 L.0E - 3 L.0E - 3 1.0E - I

CU 29 4.0E - 1 2.5E - 1 2.5E - 2.5E - I L.0E - 2 5.1E - I 1.5E 3 4.9E - I

ZN 30 14E + 0 5.9E - I 9.0E - I 1.3E + 0 1.0E - I 6.5E + 0 L.0E -2 2.6E + 0

GA 31 4.0E - 3 4.0E - 4 4.0E - 4 4.0E - 4 5.0E - 4 3.0E - I 5.0E - 5 8.0E - I

AS 33 4.0E - 2 6.0E - 3 6.0E - 3 6.0E - 3 2.0E - 3 8.3E - I 6.0E - 5 8.0E - I
SE 34 2.5E - 2 2.5E - 2 2.5E - 2 2.5E - 2 L.5E - 2 8.5E + 0 4,0E - 3 9.3E + 0
BR 35 1.5E + 0 1.5E + 0 1.5E + 0 1.5E + 0 2.5E - 2 4.0E - 3 2.0E-2 1.6E + 0

KR 36 - - - - - - - -

RB 37 1.5E-I 7.0E-2 7.0E-2 7.0E-2 .5E-2 2.0E+0 1.0E-2 3.0E + 0

SR 38 1.6E + 0 8.1E - I 1.7- 1.3E - 3.0E - 4 3.5E - 2 1.5E - 3 3.0E - I

Y 39 1.5E - 2 6.0E - 3 6.0E - 3 6.0E - 3 3.0E - 4 L.0E - 2 2.0E - 5 2.0E - 3

ZR 40 2.0E - 3 5.0E - 4 5.0E - 4 5.0E - 4 5.5E - 3 6.4E - 5 3.0E - 5 1.9E - 4

NB 41 2.0E-2 5.0E-3 5.0E-3 5.0E-3 2.5E-I 3.1E-4 2.0E-2 1.3E -3

MO 42 2.5E-I 6.0E-2 6,0E-2 6.0E-2 6.0E-3 1.9E-I [.5E-3 7.8E-I

TC 43 4.4E +1 1.1E + 0 1.5E + 0 7.3E-I 8.5E-3 3.0E-2 1.0E-2 3.0E + 0

RU 44 5.2E-I 2.0E-2 2.0E-2_ 5.0E-3 2aE-1 .7.OF 3 - 6.E-7 6n'-3

RH 45 1.5E-I 4.0E-2 4.0E-2 4.0E-2 2.0E-3 5.0E-I 1.0E-2 .0E-I

PD 46 1.5E-I 4.0E-2 4.0E-2 4.0E-2 4.0E-3 3.0E-4 L.0E-2 4.0E-3

AG 47 2.7E - 4 3E - 3 8.0E - 4 1.0E - I 3.0E - 3 5.0E - I 2.0E - 2 5.0E -

CD 48 5.5E - 1 1.5E - I 1.5E - I 1.5E - I 5.5E - 4 8.4E - I L.0E - 3 .0E -

IN 49 4.0E - 3 4.0E - 4 4.0E - 4 4.0E - 4 8.0E - 3 3.0E - 1.0E - 4 8.0E - I
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Exhibit 1.3. (contd)

Leafy Other Fruit Grain Beef Poultry Milk Egg
Element Number Vegetable Vegetable - - day/kg day/kg day/L day/kg

SN 50 3.0E-2 6.0E-3 6.0E-3 6.0E-3 8.0E-2 2 .0E- 1.0E-3 8.02-!
SB 51 1.3E-4 5.6E-4 8.0E-5 3.0E-2 1.0E-3 6.0E-3 1.0E-4 7.0E-2

TE 52 2.5E - 2 4.0E - 3 4.0E - 3 4.0E - 3 1.5E - 2 8.5E - 2 2.0E - 4 5.2E + 0

1 53 3.4E - 3 5.0E - 2 5.0E - 2 5.0E - 2 7.0E - 3 1.8E - 2 1.0E - 2 2.E + 0
XE 54 - - - - -- -

CS 55 1.3E - I 4.9E - 2 2.2E - I 2.6E - 2 2.0E - 2 4.4E + 0 7.0E - 3 4.9E -!

BA 56 1.5E-I 1.5E-2 1.5E-2 1.5E-2 1.5E-4 8.1E-4 3.5E-4 1.5E+0

LA 57 5.7E - 4 6.4E - 4 4.0E - 3 4.0E . 3 3.0E - 4 1.0E - I 2.0E - 5 9.0E - 3

CE 58 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 7.5E - 4 1.0E - 2 2.0E - 5 5.0E - 3

PR 59 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 3.0E - 4 3.0E - 2 2.0E - 5 5.0E - 3

ND 60 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 3.0E - 4 4.0E - 3 2.0E - 5 2.0E - 4

PM 61 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 5.0E - 3 2.0E - 3 2.0E - 5 2.0E - 2

SM 62 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 5.0E - 3 4.0E - 3 2.0E - 5 7.0E - 3

EU 63 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 5.0E - 3 4.0E - 3 2.0E - 5 7.0E - 3

GD 64 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 35E - 3 4.0E - 3 2.0E - 5 7.0E - 3

TB 65 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 4.5E - 3 4.0E - 3 2.0E - 5 7.0E - 3

DY 66 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 5.5E - 3 4.0E - 3 2.0E - 5 7.0E - 3

HO 67 1.0E - 2 4.0E -3 4.0E - 3 4.0E - 3 4.5E - 3 4.0E - 3 2.0E - 5 7.0E - 3

ER 68 1.0E - 2 4.0E - 3 4.0E - 3 4.0E - 3 4.0E - 3 4.0E - 3 2.0E - 5 7.0E - 3

HF 72 3.5E - 3 8.5E - 4 . 8.5E - 4 8.5E - 4 1.0E - 3 6.0E - 5 5.0E - 6 2.0E - 4

TA 73 1.0E - 2 2.5E - 3 2.5E - 3 2.5E - 3 6.0E - 4 3.0E - 4 3.0E . 6 1.0E - 3

W 74 4.5E - 2 1.0E - 2 1.0E - 2 1.0E - 2 4.5E - 2 2.0E - I 3.0E - 4 8.0E - I

RE 75 1.5E + 0 3.5E - 1 3.5E - 3.5E - 8.0E - 3 4.0E - 2 1.5E - 3 4.0E - I

OS 76 1.5E - 2 3.5E - 3 3.5E - 3 3.5E - 3 4.0E - I .0E - I 5.0E - 3 9.0E - 2

IR 77 5.5E - 2 1.5-2 ..522 5E - 2 1.SE - 3 5.0E - I 2.0E - 6 1.0E - I

AU 79 4.02-1 1.0E - I 1.0E - 1.0 E - 8.0E - 3 5.0E -! 5.5E - 6 5.0E - I
HG 80 9.0E -! 2.0E - I 2.0E - ! 2.0E -! 2.5E - I 1.1E - 2 4.5E - 4 2.0E -!

TL 81 4.0E - 3 4.0E - 4 4.0E - 4 4.0E - 4 4.0E - 2 3.0E - I 2.0E - 3 8.0E - I

PB 82 5.8E - 3 3.2E - 3 9.0E - 3 4.7E - 3 3.0E - 4 2.0E - I 2.5E - 4 8.0E - I

B1 83 3.5E - 2 5.0E - 3 5.0E - 3 5.0E - 3 4.0E - 4 .0E - I 5.0E - 4 8.0E -
PO 84 2.5E - 3 9.0E - 3 4.0E - 4 4.0E - 4 3.0E - 4 9.0E - 3.5E - 4 7.0E + 0
RN 86 -- - - - - - -

PA 88 7.5E - 2 3.2E - 3 6.1E - 3 1.2E - 3 2.5E - 4 3.0E - 2 4.5E - 4 2.0E - 5

AC 89 3.5E - 3 3.5E - 4 3.5E - 4 3.5E - 4 2.5E - 5 4.0E - 3 2.0E - 5 2.0E - 3

TH 90 6.6E - 3 1.2E - 4 8.5E - 5 3.4E - 5 6.0E - 6 4.0E - 3 5.0E - 6 2.0E - 3

PA 91 2.5E - 3 2.5E - 4 2.5E - 4 2.5E - 4 1.0E - 5 4.0E - 3 5.0E - 6 2.0E - 3

U 92 1.7E - 2 1.4E - 2 4.0E - 3 1.3E - 3 2.0E - 4 1.2E + 0 6.0E . 4 9.9E - I
NP 93 1.3E - 2 9.4E - 3 1.0E - 2 2.7E - 3 5.5E - 5 4.0E - 3 5.0E - 6 2.0E - 3
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Exhibit 1.3. (contd)

Leafy Other Fruit Grain Beef Poultry Milk Egg
Element Number Vegetable Vegetable - - day/kg day/kg day/L day/kg

PU 94 3.9E-4 2.0E-4 4.5E-5 2.6E-5 5.0E-7 1.5E-4 10E-7 8.0E-3
AM 95 5.8E - 4 4.1E - 4 2.5E - 4 5.9E - 5 3.5E - 6 2.0E - 4 4.0E - 7 9.0E - 3

CM 96 3.0E - 4 2.4E - 4 1.5E - 5 2.1 E - 5 3.5E - 6 4.0E - 3 2.0E - 5 2.0E - 3

CF 98 1.0E - 2 1.0E - 2 1.0E - 2 1.0E - 2 5.0E - 3 4.0E - 3 7.5E - 7 2.0E -3

(a) Concentration ratio, for terrestrial foods arm pCi/g (dry weight) of edible portions of plants per Pci/g (dry weight) of soil.
(b) Transfer factors for animal products are Ci/kg of edible flesh and eggs or CI/L milk per Ci/day intake.
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Exhibit 1.4. Freshwater Fish Bioaccumulation Factors used with the GENII Code

pCi/kg Fish
Element per pCi/L Water

AC 330.0
AM 100.0

C 9000.0

1 50.0

NP 2500.0

NB 100.0

PA 30.0

RA 50.0

SE 1000.0

TH 100.0

TC 15.0

U 50.0
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Exhibit 1.5. Default Parameters for the Driller Scenario

GRPA/GENII Default Parameters (9/92-sfs) Driller

Inventory Parameters

0.037, 3.7E4, 3.7E7, 3.7E10, 1.0

10, 0.15, 224.0

Environmental Parameters

0.008

2

0.001

l.OE-9

2.0, 2.0,
1.0, 1.5

0.25

15.0

224.0

1.5E3

True

1.37

3.0, 0.8, 0.8, 0.8, 1.0, 0.8,

14.0

1.0, 0.1, 0.1, 0.1

0.1, 0.1, 0.1, 0.1, 1.0, 1.0

68.0, 0.12, 55.0, 0.12, 68.0, 55.0

50.0, 0.3, 60., 0.3

0.0, 0.8, 1.0, 0.8

0.2, 0.3, 0.5, 1.0

0.02

25295.0

0.4, 5.0, 4.0

,.4E-4, 2*7.48E-4

1.0, 0.81, 0.19, 0.02, 0.008, 0.002,
1.0, 0.9, 0.096, 0.006, 0.0005,
0.0005, 1.0, 0.9, 0.096, 0.006,
0.0005, 0.0005

NVU

SVU

ABSHUM

PRCNTI

DPVRES

LEAFRS

BIOMAS,

DEPFR2

SURCM

SLDN

SSLDN

HARVST

SOLING

WTIM

TRANS

TRANSA

CONSUM

DWATER

FRACUT

SHORWI

INGWAT

TCWS

YELDBT

TOTEXC

EXCAV

Source input conversion

Soil source conversion

Absolute humidity (kg/m3)

Air dispersion conserv. flag

Deposition vel./resuspension

Leaf resuspension factor

BIOMA2, Biomass (kg/m)

Interception frac./irrigate

Depth of surface soil (cm)

Surface soil density (kg/m2)

Soil density (kg/m 3)

Harvest removal considered?

Soil ingested (mg/da) *

Weathering time (da)

Translocation, plants

Translocation, animal food

Animal Consumption (kg/da)

Animal drinking water (L/da)

Acute fresh forage by season

Shore width factors

Swim water ingested (L/hr)

H20/sed. transfer (L/m 2/yr)

BIOT: Veg. prod. (kg/m2/yr)

BIOT: Excavation (m2/mr-yr)

BIOT: Frac. soil brought to
the surface from within the
waste by animal excavation
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Exhibit 1.5. (contd)

GRPA/GENII Default

270.0

330.0

It,

Parameters

RINH

RINHA

NDIST

(9/92-sfs) Driller

Chronic breathing (cm3/sec)

Acute breathing (cm'/sec)

Number of distances

805.0, 2414.0, 4023.0, 5632.0,
7241.0, 12068.0, 24135.0, 40255.0,
56315.0, 72405.0

0.1, 0.25, 6*0.18, 2*0.2

Metabolic Parameters

0.5, 50.0, 500.0

0.5, 0.5, 0.95, 0.05, 0.8, 0.0, 0.0,
0.2, 0.0, 0.1, 0.9, 0.5, 0.5, 0.15, 0.4,
0.4, 0.05, 0.0, 0.01, 0.99, 0.01, 0.99,
0.05, 0.4, 0.4, 0.135, 0.015

Dose Parameters

0.25, 0.15, 0.12, 0.12, 0.03, 0.03,
5*0.06

2.0

X

DRYFAC,
DRYFA2

JF/chi/Q/pop grid dist. (m)

dry/wet ratio

XDIV

ADJ

WT

S121

Weighting factors .

Semi-infinite/inf
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Exhibit 1.6. Default Parameters for the Post-Driller, Irrigated Farm, and River Scenarios

GR_PA/GENII Default Parameter Values (10/92-sfs) PD,IF,RV

Inventory Parameters

0.037, 3.7E4, 3.7E7, 3.7E10, 1.0

1.0, 0.15, 224.0

Environmental Parameters

0.008

2

0.001

I.OE-9

2.0, 2.0, 3.0, 0.8, 0.8, 0.8, 1.0, 0.8,
1.0, 1.5

0.25

15.0

224.0

1.5E3

True

100.0

14.0

1.0, 0.1, 0.1, 0.1

0.1, 0.1, 0.1, 0.1, 1.0, 1.0

68.0, 0.12, 55.0, 0.12, 68.0, 55.0

50.0, 0.3, 60., 0.3

0.0, 0.8, 1.0, 0.8

0.2, 0.3, 0.5, 1.0

0.02

25295.0

0.4, 5.0, 4.0

9.41E-4, 2*7.48E-4

1.0, 0.81, 0.19, 0.02, 0.008, 0.002,1.0,
0.9, 0.096, 0.006, 0.0005, 0.0005,1.0,
0.9, 0.096, 0.006, 0.0005, 0.0005

270.0

NVU

SVU

ABSHUM

PRCNTI

DPVRES

LEAFRS

BIOMAS

DEPFR2

SURCM

SLDN

SSLDN

HARVST

SOLING

WTIM

TRANS

TRANSA

CONSUM

DWATER

FRACUT

SHORWI

INGWAT

TCWS

YELDBT

TOTFXC

EXCAV

RINH

Source input conversion

Soil source conversion

Absolute humidity (kg/m')

Air dispersion conserv. flag

Deposition vel./resuspension

Leaf resuspension factor

BIOMA2 Biomass (kg/m2)

Interception frac./irrigate

Depth of surface soil (cm)

Surface soil density (kg/n)

Soil density (kg/m')

Harvest removal considered?

Soil ingested (mg/da) *

Weathering time (da)

Translocation, plants

Translocation, animal food

Animal Consumption (kg/da)

Animal drinking water (L/da)

Acute fresh forage by season

Shore width factors

Swim water ingested (L/hr)

H20/sed. transfer (L/m 2/yr)

BIOT: Veg. prod. (kg/mn/yr)

BIOT: Excavation (m2/m'-yr)

BIOT: Frac. soil brought to
surface from within the waste
by animal excavation

Chronic breathing (cm'/sec)
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Exhibit 1.6. (contd)

GR_PA/GENII Default P

330.0

10

805.0, 2414.0, 4023.0, 5632.0, 7241.0,
12068.0, 24135.0, 40255.0, 56315.0,
72405.0

0.1, 0.25, 6*0.18, 2*0.2

Metabolic Parameters

0.5, 50.0, 500.0

0.5, 0.5, 0.95, 0.05, 0.8, 0.0, 0.0,
0.2, 0.0, 0.1, 0.9, 0.5, 0.5, 0.15, 0.4,
0.4, 0.05, 0.0, 0.01, 0.99, 0.01, 0.99,
0.05, 0.4, 0.4, 0.135, 0.015

Dose Parameters

6.25, 0.15, 0.J2, 0.12, 0.03, 0.03,
5*0.06

2.0

arameter Values

RINHA

NDIST

X

DRYFAC,
DRYFA2

(10/92-sfs) PD,IF,RV

Acute breathing (cmn/sec)

Number of distances

JF/chi/Q/pop grid dist. (m)

dry/wet ratio

XDIV

ADJ

WT

S121

Weighting factors

Semi-infinite/inf

1.22



References

American Society of Mechanical Engineers (ASME). 1986. Quality Assurance Program
Requirementsfor Nuclear Facilities. ANSI/ASME NQA-1, ASME, New York, New York.

International Commission on Radiological Protection (ICRP). 1975. Report on the Task Group on
Reference Man. ICRP Publication 23, Pergamon Press, New York.

International Commission on Radiological Protection (ICRP). 1977. Recommendations of the
International Commission on Radiological Protection. ICRP Publication 26, Pergamon Press, New
York.

International Commission on Radiological Protection (ICRP). 1979-1988. Limits for Intakes of
Radionuclides by Workers. ICRP Publication 30, Parts 1-4 (and supplements), Vol. 2 (No. 3/4),
Vol.4 (No. 3/4), Vol. 6 No. 2/3), Vol. 8 (No. 4), and Vol. 19 (No.4), Pergamon Press, Elmsford.
New York.

International Commission on Radiological Protection (ICRP). 1986. The Metabolism of Plutonium
and Related Elements. ICRP Publication 48,'Vol. 16 (No. 2/3), Pergamon Press, New York.

International Union of Radioecologists (IUR). 1989. Sixth Report of the Working Group on Soil-to-
Plant Transfer Factors. RIVM, Bilthoven, The Netherlands.

Kennedy, W. E., Jr. and D. L. Strenge. 1992. Residual Radioactive Contamination from
Decommissioning: Volume 1, Technical Basis for Translating Contamination Levels to Annual
Effective Dose Equivalent. NUREG/CR-5512, Pacific Northwest Laboratory, Richland, Washington.

Leigh, C.D., B. M. Thompson, 1. E. Campbell, D, E. Longsine, R. A. Kennedy, and B. A. Napier.
1992. User's Guide for GENII-S: A Code for Statistical and Deterministic Simulations of Radiation
Doses to Humansfrom Radionuclides in the Environment. SAND91-0561A, Sandia National
Laboratories, Albuquerque, New Mexico.

Napier, B. A., R. A. Peloquin, D. L. Strenge, J. V. Ramsdell. 1988. GENII - The Hanford
Environmental Radiation Dosimetry Software System. Vols. 1, 2, and 3. Pacific Northwest
Laboratory, Richland, Washington.

Snyder, S. F., W. T. Farris, B. A. Napier, T. A. Ikenberry, J. C. Simpson. 1992. Pr-meters
Used in the Environmental Pathways (DESCARTES) and Radiological Dose (CIDER) Modules of the
Hanford Environmental Dose Reconstruction Code (HEDRIC) for the Air Pathway. PNWD-2023
HEDR, Battelle Pacific Northwest Laboratories, Richland, Washington.

1.23



U.S. Department of Energy (DOE). 1988a. External Dose-Rae Conversion Factors for Calculation
of Dose to the Public. DOE/EH-0070, U.S. DOE, Assistant Secretary for Environment, Safety and
Health, Washington, D.C.

U.S. Department of Energy (DOE). 1988b. Internal Dose Conversion Factorsfor Calculation of
Dose to the Public. DOE/EH-0071, U.S. DOE, A, istant Secretary for Environment, Safety and
Health, Washington, D.C.

1.24



WHC-SD-WM-EE-004, Rev. 0

Appendix J

Physical and Hydraulic Properties of Sediments
and Engineered Materials Associated with Grouted

Double-Shell Tank Waste Disposal at Hanford"'

(a) This appendix is a repmducdion of PNL-8813 (M. L. Rockhold, M. J. Fayer. and P. R. Heller.
1993. Physical and Hydraulic Properties of Sediments and Engineered Materials Associated
with Grouted Double-Shell Tank Waste Disposal at Hanford. PNL-88 13, Pacific Northwest
Laboratory, Richland. Washington.
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Numerical models are used to predict the fate of contaminants in the environment for dura-

tions of 10,000 years and more. At the Hanford Site, these models are being used to evaluate the

potential health effects and environmental impacts associated with the disposal of double-shell tank

waste in grouted vaults. These models require information on the properties of the earthen and manu-

factured materials that compose the vault system and its surroundings. This report documents the

physical and hydraulic properties of the materials associated with burial of grouted double-shell tank

waste at the Hanford Site.

A conceptual model of the grout site and engineered structures was used to identify those

materials that are, in a first-order sense, dominant controllers of the flow and transport regime. These

materials are the Hanford formation sandy sequence, Hanford formation lower gravels, Ringold

Formation, backfill soil, gravel, asphalt, concrete, clay cap, and the grouted waste form itself. The

published physical and hydraulic data for these materials were identified. If unpublished but avail-

able, the data were included inthis report. If data were non-existent, estimates were provided along

with the rationale for the estimates.

In numerical flow and transport models, the hydraulic properties of porous media are repre-

sented by mathematical functions. For the grout performanee assessment, the chosen functions were

the van Genuchten water retention function and the Mualem hydraulic conductivity function. The

parameters in these functions were fitted to the data provided in the Appendix or taken from other

publications. For each material in the conceptual model, parameter values were assigned for use in

the performance assessment models. For some materials, the number of samples allowed for calcula-

tion of means and variances of the parameters. For other materials, the parameters were determined

from only one sample. Recommendations are provided for future data collection and parameter esti-

mation. What is needed most is a program dedicated to identifying the important materials.identify-

ing the conditions to which those materials will be subjectedand measuring the prnperties under

J.2 
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those conditions. Creating a research program now would ensure that the appropriate hydraulic

models are identified and parameters for simulations are obtained in a timely fashion.
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1.0 INTRODUCTION

At the Hanford Site in south-central Washington State, numerical models are being used in a

performance assessment to evaluate the potential health effects and environmental impacts associated

with the disposal of double-shell tank waste in grouted vaults. These models require information on

the properties of the earthen and manufactured materials that compose the vault system and its sur-

roundings. The data and parameter estimates contained in this report support the unsaturated flow

and contaminant transport modeling studies and sensitivity analyses for the Hanford Grout Technol-

ogy Program (HGTP) Performance Assessment (PA) Task. This work was conducted for the

U.S. Department of Energy by Pacific Northwest Laboratory (PNL)(m) in collaboration with

Westinghouse Hanford Company (WHC).

The two purposes of this report are to identify the significant materials and sediments that

govern the movement of water and contaminants in and around the proposed Grout Treatment

Facility (GTF) and to estimate the parameters that describe the hydraulic properties of those mate-

rials. The data supporting the parameter estimate came from three sources: published reports, labora-

tory record books, or estimates. The published data and parameters are referenced in this report.

All unpublished data and estimated parameters are included in this report as an appendix.

This report is organized as follows. Section 2 describes the grout site and sediment sample

locations at Hanford, the general sediment stratigraphy at the grout site, and the operative conceptual

model of a buried grout vault. Section 3 describes the methods used to determine physical and

hydraulic properties and identifies the data sources (if the data are not reported here). Section 4

describes the parameter estimation procedures and identifies the average hydraulic parameters to be

used in the grout PA simulations. Section 5 discusses the data and assumptions to be used for

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under contract
DE-AC06-76RLO 1830.
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unsaturated flow modeling. The Appendix contains the physical and hydraulic property data that

have not been reported elsewhere, as well as the hydraulic parameters for all samples used to describe

the average hydraulic properties of each material.

J. 13L.2
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2.0 MATERIAL IDENTIFICATION

The purpose of this section is to identify the sediments and engineered materials composing the

grout disposal system that am important to the system's performance regarding the releaw of con-

taminants. Figure 2.1 shows the position of the GTF within the 200 East Area of the Hanford Site.

The hydrogeology of the 200 East Area is summarized by Cushing (1992).

2.1 STRATIGRAPHIC SECTION

The available well logs and sediment sample analyses were reviewed to identify the dominant

sediment features at the GTF. Figure 2.1 shows the locations of these wells and sediment samples

relative to the GTF. Figure 2.2 shows the stratigraphy at the GTF. Based on that information, a

general stratigraphy of the GTF was developed. Underlying the Ringold Formation (Figure 2.2) is

the Elephant Mountain Member. The permeability of this basalt member is much lower than that for

the overlying sediments and the member was therefore considered to be impermeable. For that

reason, the Elephant Mountain Member was not considered part of the hydrologic system at the GTF

and was not evaluated for this report.

2.2 CONCEPTUAL MODEL

Figure 2.3 shows the current conceptual model of a grout vault at the GTF. Each material type

is briefly described below.

2.2.1 Hanford Formation Sandy Secuence

The sandy sequence of the Hanford formation is a coarse-to-fine-grained sand unit that aver-

ages 60-m thick in the 200 East Area. Information representing the sandy sequence was derived

from 28 samples collected from well No:-299-E25-234, 5 samples from the 241 AP Tank Farm

Facility, 21 samples from the U.S. Ecology site, 3 samples from the 200-BP-1 site, and 3 measure-

ments at the bottom of the existing grout pit (Dames and Moore 1988).
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FIGURE 2.3 Conceptual Model of Vertical Cross Section Through a Grout Vault and Underlying
Sediment Stratigraphy (MSL = Mean Sea Level)

2.2.2 Hanford Formation Lower Gravels

This material is a pebbly, very coarse sand-to-sandy gravel, about 10 i thick, that overlies the

Ringold Formation. Inform atc' representing the lower gravels was derived from two samples that

were obtained from well No. 299-E25-234, eight samples from the 200-BP- I site, two samples from

B Pond, and two samples from the U.S. Ecology site. Some of the samples were from the upper
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gravel sequence of the Hanford formation, which is absent in the vicinity of the GTF. The upper and

lower gravel sequences of the Hanford formation are texturally similar and more or less indistinguish-

able from each other except for stratigraphic position (Connelly et al. 1992a, 1992b).

2.2.3 Rinpold Formation

The Ringold Formation averages 30 m thick and consists of well-rounded pebble- to cobble-

size gravel with a matrix of sand, silt, and some clay. The Ringold Formation is variably indurated

and consolidated, ranging from well-cemented conglomerate to open-work uncemented gravel.

Information representing the Ringold Formation was obtained from four samples from B Pond and

one sample from the U.S. Ecology site. No samples of the Ringold Formation beneath the GTF were

available.

2.2.4 Backfill Soil

During construction, the Hanford formation sandy sequence will be excavated to depths of

20 m. This material will be stockpiled and then used to backfill around the vaults when the vaults are

completed. Because the sediments will be somewhat mixed, retaining none of the in situ layering, and

because it will be compacted to specifications, the backfill material was considered to be a unique and

important material.

The material used to represent the backfill soil was obtained from a stockpile of sand that was

excavated during construction of the grout pit. The material was sieved so that only the <2-mm size

fraction was used to determine hydraulic properties. The resulting particle size distribution was 91%

sand, 3% silt, and 6% clay.

2.2.5 Gravel

Gravel will serve as the drainage layer (not shown in Figure 2.3) in the collection basin beneath

the grout. Gravel will also be formed into a sloped capillary barrier above the vault, serving to
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redirect downward-flowing water to the region beyond the sides of the vault where it can drain freely

without impacting the vault contents. Several gravel sizes will be used as filters and drains. No

samples of the actual gravel that will be used were available. As a surrogate for whatever gravel is

used, a gravel sample was prepared from 0.5-in.- (1.3-cm-) diameter chipped gravel that was wet

sieved through an 8-mm sieve and retained on a 3.962-mm sieve. This procedure left a clean gravel

material (i.e., clean in that it was free of fine materials like sands, silts, and clays).

2.2.6 Clay

A compacted clay layer will be used to satisfy the Resource Conservation and Recovery Act

(RCRA) requirement for a compacted clay cap over the disposal site. The clay layer will be sloped to

divert percolating-water away -from the vault.--The -material that was used to represent the RCRA clay

cap was a 1:3 mixture of bentonite and Warden silt loam. This silt loam was obtained from the

McGee Ranch, which is located on the west side of the Hanford Site, adjacent to the Yakima

barricade.

2.2.7 Asnhnat

Asphalt will surround the grout vault and, being nearly impermeable, will serve as a barrier to

water flow and contaminant diffusion. No samples of asphalt were available for testing.

2.2.8 Concrete

Concrete will be used to create a structure, or vault, into which the contaminant-grout mixture

can be poured, cured, and stored. A sample of concrete was obtained by PNL in 1984 from Sandia

National Laboratories, who had obtained the concrete from the U.S. Army Waterways Experiment

Station. The sample was a cylinder that was 15 cm long and 7.5 cm in diameter. Six subsamples

were cut from the original sample and analyzed for hydraul: nroperties. Because these data were

readily available, they were used to represent the hydraulic properties of the co._ te used at the

GTF.
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2.2.9 QrLuJ

Grout is a stabilizing agent used to improve the structural properties or reduce the permeability

of earthen materials. For the current grout PA, wastes from the double-shell tanks will be processed

into a grout; the resulting mixtur- ;s called double-shell slurry feed (DSSF) grout.

On 14 November 1988 a pilot-scale test was conducted to determine physical and chemical

characteristics of a single formulation of DSSF grout. That formulation was a blend of (by weight)

47% blast furnace slag, 47% fly ash, and 6% type I/lI Portland cement (Lokken et al. 1992a). Core

samples were obtained and tested to obtain physical and hydraulic data. Simulated wastes with the

same formulation used for the pilot-scale test were generated for durability studies (Lokken et al.

1992b). Information from the durability studies was used to supplement data from the core samples.
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3.0 MEASUREMENTS AND ESTIMATES OF PROPERTIES

Measurements of physical and hydraulic properties are needed to determine the hydraulic

property parameters for the materials that comprise the conceptual model in Figure 2.3. In lieu of

measurements, reasonable estimates of the properties are required. This section summarizes the

methods and results.

3.1 MEHODS

The methods described below were used to measure or estimate the physical and hydraulic

properties reported in the Appendix and by Smoot et al. (1989).

3.1.1 Particle Size Distribution

The distribution of particle sizes is one of the basic (and commonly the only) measures of the

physical properties of the sediment. Generally, the sample is sieved to remove those particles greater

than 2 mm in diameter before further testing is conducted. The particles removed are categorized as

gravel. The percentage of the total sample that is gravel is rarely reported although, for the sediments

at the Hanford Site, the percentages can be quite high.

Ideally, the distribution of particle sizes below 2 mm in diameter is not used directly to calculate

hydraulic parameters. Rather, the distribution is used to qualitatively classify sediments into catego-

ries known as textures, such as clay or sand. If other data are lacking, however, these classifications

can be used to infer hydraulic properties based on the hydraulic properties of sediments with similar

texture.

The two procedures used to determirle particle size distribution were those of the Ame.cin

Society for Testing and Materials (ASTM) (1985) and Gee and Bauder (1986). Approximately 50 g
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of material that passed a 2-mm sieve was used with the hydrometer method and wet sieving to meas-

ure the distribution over the full range of sizes below 2 mm.

3.1.2 Particle Density

The density of particles (ps) was determined using the pycnometer method (Blake and Hartge

1986a). About 10 g of the material less than 2 mm in diameter was used. Although significant

gravel percentages were measured in some sediment samples, the density of the gravel was not

determined.

3.1.3 Bulk Density

The dry bulk density (Pb) of a porous medium is the ratio of its oven-dried mass to its total

volume. The bulk densities of the materials described in this repon were determined using the

method outlined by Blake and Hartge (1986b).

3.1.4 Total Porosity

The total porosity ($%) of a porous material is a measure of the relative volume of pores capable

of filling with water and/or air. Total porosity can be calculated from particle and bulk densities

according to the equation (Hillel 1982):

=1- Ps/PS (3.1)

The total porosity of all the engineered materials described in this report was determined using

Equation (3.1).

3.1.5 Water Retention

Four different methods were used to determine water retention data over the full range of

matric potentials from fully saturated to residual (irreducible) saturation. In all cases, the
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measurements were conducted on drained or draining samples. No measurements were made as the

samples were wetted, which would have documented the extent of hysteresis.

The methods used were 1) the hanging water column method (Klute 1986), 2) a column

method, 3) the pressure-plate extraction method (Klute 1986), and 4) the vapor equilibrium (or

thermocouple psychrometer) method (Rawlins and Campbell 1986). When possible, undisturbed

samples that retained the in situ structure were obtained. Most of the samples, however, were dis-

turbed (i.e., did not retain their in situ structure); to conduct the tests, these samples were packed to

known densities. Water retention varies more between disturbed and undisturbed samples when

matric potentials am near zero.

Water retention is the relationship between the water content and the matric potential of a

porous medium. The total potential (h,) of the water in a sample is commonly expressed as the sum

of the individual water-potential components as follows (Hillel 1982)

ht = h, + h + hg + hp (3.2)

where h0, = osmotic potential,

h = matric potential,

hg = gravitational potential,

hp = pressure potential.

The osmotic potential represents the attractive forces of water to locations of higher solute concentra-

tion. The matric potential represents the capillary and adsorptive forces that attract and bind water to

the soil matrix. The gravitational potential is the energy associated with the location of water in the

earth's gravitational field, measured with respect to some reference level such as the soil surface or

the water table. The pressure potential represents external pressure forces, such as the weight of

ponded water.
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The application of this total potential concept to soil water equilibrium and transport is not

exact because the osmotic potential applies only to the water, and the other components apply to the

soil solution (Corey and Klute 1985; Sposito 1986). It is commonly assumed, however, that the

osmotic component of the total water potential has only a negligible effect on the transport of water

in soil, especially considering the absence of a differentially permeable membrane in the water flow

path (Taylor and Ashcroft 1972; Hillel 1982). Exceptions to the assumption of negligible osmotic

potentials for grout and concrete are noted later in this report.

3.1.5.1 Hanging Water Column

Water retention was measured in the 0- to -150-cm range of matric potential using the hang-

ing water column method. Figure 3.1 shows a typical hanging water column apparatus. The soil

sample was placed on the porous plate, saturated, then allowed to drain until hydraulic equilibrium

was established between the soil water and the water in the reference system. The reference elevation

was the soil-plate interface. With that reference, the matric potential of the soil water at the bottom of

the sample was equivalent to the negative of the distance (ZI) between the outflow point and the plate.

Decreasing matric potentials were obtained by increasing the distance Z1. After equilibrium

was established following a decrease in potential, outflow volumes were measured. After equilibrium

was achieved following the final decrease in potential, the final volumetric water content was mea-

sured and used to calculate the water contents at the intermediate potentials. If the sample was undis-

turbed (i.e., not packed), the bulk density was also determined.

3.1.5.2 Column Method

A column method was used to measure retention in the matric potential range from 0 to

-100 cm (or more, depending on column length) for the backfill material and the gravel. Two

Plexiglass columns, composed of short lengths and taped together, were filled with one of the mate-

rials. The columns were saturated and then allowed to drain. Following the cessation of drainage, the
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FIGURE 3.1. Schematic of Apparatus Used to Measure Water Retention by the Hanging Water
Column Method

columns were sectioned to determine water contents along their length. The matric potentials in each

section were ascribed to the negative of the distance from the section midpoint to the drain, assuming

the column was in equilibrium with the drain.

3.1.5.3 Pressure-Plate Extraction Method

Water retention was measured in the -310- to -15.300-cm range of matnic potential using two

variations of the pressure-plate extraction method. Figure 3.2 shows the typical extraction method in

w''!.ii anultiple samples are simultaneously subjected to the same pressure force, one pressure incre-

ment at a time. The samples and porous plate were saturated, the pressure vessel sealed, the internal

pressure raised to a predetermined level, and the samples allowed to equilibrate at the new pressure.
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Water Retention by the Pressure-Plate

-After the samples equilibrated, the pressure vessel was opened and the samples were weighed to

determine gravimetric water contents. These water contents were converted to volumetric values by

multiplying by the bulk density of the material.

A variation of the pressure-plate extraction method, the Tempe cell, was used and allowed an

individual sample to be subjected to multiple pressures before the vessel was opened. The change in

weight between each step increase in pressure determined the water content after the final water con-

tent was measured.

3.1.5.4 Vapor Equilibrium Method

Water retention was measured at all marric potentials less than -15,300 cm using the vapor

equilibrium method. Water retention was also measured with this method at potentials up to
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-1,000 cm, although the sensitivity of this method in that potential range is not as great (e.g., relative

humidity varies from-approximately 1.0 at -1,000 cm to 0.989 at -15,300 cm). The matric potential

of water in a porous material can be calculated from measurements of the vapor phase in equilibrium

with the liquid in the pores. When the vapor phase is represented by the relative humidity (p/p'), the

total potential (assuming hp and h. are zero) is:

ht = (RT / M) In (p/p') (3.3)

where M = molecular weight of water (0.01802 kg mol-I ),

R = ideal gas constant (8.3143 x_ 10-3 kg MPa moi-t K-1),

T = Kelvin temperature of the liquid phase ('C + 273.16),

p = water vapor pressure in equilibrium with the liquid phase,

p' = saturated water vapor pressure at temperature T.

If the osmotic potential is negligible, the matric potential is equivalent to the total potential in Equa-

tion (3.3). When the osmotic potential is significant, the matric potential is calculated as the differ-

ence between the total and osmotic potentials. The osmotic potential of a solution (outside the

porous medium) is calculated by determining the water activity (A.) based on the total ionic concen-

tration of the solution, and then applying an equation similar to Equation (3.3), where p/p' and h, are

replaced with A. and h,,, respectively.

The vapor equilibrium tests were conducted using a commercially available instrument

(either the SC-10 or CX-I Water Activity Meter, Decagon Devices, Inc., Pullman, WA 99163) or

several saturated salt solutions with known vapor pressures. Because vapor adsorption is relatively

independent of bulk density, no attempt was made to pack the samples to a specific density.

The SC-10 uses a thermocouple psychrometer to measure tne wet-bulb depression in a closed

chamber containing a soil sample. The CX-I uses a cooled mirror to measure the dewpoint
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temperature. The saturated salt solutions used were LiCl, MgC 2, and Mg(N0 3)2. These solutions

yielded relative humidities (and corresponding matric potentials in MPa) of 11.3% (-300). 32.8%

(-153), and 52.9% (-87.6), respectively, at a temperature of 25'C (Greenspan 1977).

The salt content of the pore water solutions of the sediments in the vicinity of the grout test

facility were unknown. Murphy et al. (1991) reported ionic concentrations for six of the major sur-

face soils at the Hanford Site. The low concentrations (e.g., for K+, 100 jg/g soil for two different

sands) suggested that osmotic potential would not significantly affect the measurement of total poten-

tial using the vapor equilibrium method. Therefore, the matric potentials for the sediment samples

were assumed to be equal to the measured total potentials.

Total pore solution concentrations of 12 ions in six samples of simulated DSSF grout ranged

from 315 to 410g/L and the solution pH values were greater than 13 (Lokken et al. 1992b). These

high salt concentrations suggested that the osmotic potential of this grout was significant. Likewise,

data for the aqueous phase of concrete suggested that this material could also have a significant

osmotic potential (Bailey and Hampsen 1982; Angus and Glasser 1985; Reardon 1990).

Osmotic potentials for the grout and concrete were calculated from solution chemistry data

using the GMIN-chemical equilibrium model (Felmy 1990); and Equation (3.3). The GMIN model

was used to estimate the activity of water with multiple solutes in the pore waters of the materials. The

mathematical algorithm in GMIN is based on a constrained minimization of the Gibbs free energy.

The excess free energy in the aqueous phase (as indicated by the activity coefficient) is represented

using the equations developed by Pitzer (1973; 1979), and parameters from Harvie et al. (1984) that

are valid for solutions with high ionic strengths.
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3.1.6 Saturated Hydraulic Conductivity

Laboratory measurements of the saturated hydraulic conductivity (K,) of a porous medium

are based on the application of the Darcy flow equation to a sample of uniform cross-sectional area.

Two different methods were used to determine K, for the materials in this study. For the majority of

materials, the falling-head method was used. For the high-permeability materials such as the coarse

sands and gravels, a constant head method was used. For the low-permeability materials such as the

grout and concrete, a modified constant-head method was used.

3.1.6.1 Falling-Head Method

Figure 3.3 is a schematic representation of the apparatus used for measuring K, by the falling-

head method (Klute and Dirksen 1986). The calculation of K, is as follows:

K. = (aL/At)ln(HI/H 2) (3.4)

where a = cross-sectional area of the standpipe,

L = length of the sample,

A = cross-sectional area of the sample,

t = time required for the head difference to decrease from H, to H2.

H1, H2 = initial and final hydraulic head differences, respectively.

3.1.6.2 Constant Head Method

In the constant head method, the apparatus is similar to that in Figure 3.3. The difference is

that the head at the inflow port is held constant at H2 and the volume of outflow is measured. The

calculation of K, is as follows:

K, = VL / (A t H2) 5)
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FIGURE 3.3. Schematic of Apparatus Used to Measure Saturated Hydraulic Conductivity by the
Falling-Head Method

where V = volume of water flowing through the sample,

L = length of sample.

A = cross-sectional area of sample,

t = time,

H2 = constant hydraulic head difference.
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For the clay, concrete, and grout samples, the K, values were determined using the Ruska

permeameter (Model No. 1013-801-00, Ruska Instrument Corp., Houston, Texas). The Ruska

permeameter is a constant head device that confines small samples under relatively high pressures.

The K, value of a sample is calculated using Equation (3.5), where the hydraulic head difference (1-12)

equals the difference between the applied pressure and atmospheric pressure (Klute and Dirksen

1986).

3.2 RESULTS

This section summarizes the measured and estimated hydraulic properties. If data were

reported elsewhere, the reference(s) was cited.

3.2.1 Hanford Formation Sandy Sequence

The water retention and saturated hydraulic conductivity data describing the Hanford sandy

sequence were reported by Smoot et al. (1989; 33 samples) and Connelly et al. (1992b; 27 samples).

While most of the characterization data for well No. 299-E25-234 at the. GTF were reported by

Smoot et al. (1989), the particle size distributions were not included. For completeness, those data are

included in this report in Table A.l of the Appendix. All particles greater than 2 mm in diameter

were included in the gravel percentage for each sample.

Smoot et al. (1989) reported bulk density values for the samples from well E25-234. Those

data are included in Table A.2 of the Appendix to show how bulk density varied as a function of

depth and sample size. Also contained in Table A.2 are the average particle density values deter-

mined on the less than 2-mm-diameter size fraction. These data were not reported by Smoot et al.

(1989).
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3.2.2 Hanford Formation Lower Gravels

The water retention and saturated hydraulic conductivity data describing the Hanford gravels

were reported by Smoot et al. (1989; two samples) and Connelly et al. (1992b; 12 samples). Of the

14 samples, gravel contents were reported for 10. The gravel contents ranged from 0% to 79%, with

an average of approximately 50%. Table A.1 contains the average particle size distribution and

Table A.2 the bulk and particle density data for samples from well No. 299-E25-234 (Smoot et al.

1989). Connelly et al. (1992b) reported dry sieve data for 8 of the 12 samples, but did not report

bulk or particle density values.

3.2.3 Ringold Formation

The water retention and saturated hydraulic conductivity data describing the Ringold

Formation were reported in Connelly et al. (1992b; 5 samples), Particle size distribution and bulk

and particle densities were not estimated because the hydraulic parameters were already provided.

3.2.4 Backfill Soil

. The water retention properties of backfill were determined between 0 and -100 cm of matric

potential using the column method with two Plexiglass columns packed to a bulk density of

.65g-cm-3- This density represented 90% of the maximum dry density (Dames and Moore 1988).

The retention data from the column method were combined.with pressure plate and vapor adsorption

data to describe the full range of water retention. Particle size distribution and water retention data

are contained in Table A.3 of the Appendix. Particle density was assumed to be 2.8 g cm-3.

The saturated hydraulic conductivity was determined with the constant head method using

two 30-cm--long columns with an area of 17.65 cm 2. A 2-cm head was maintained on the surface,

resulting in a head gradient of 1.067 across the columns. Four 10-s repetitions of the test on each

column yielded average saturated conductivity values of 0.024 and 0.036 cm s-1, for an overall
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average K, of 0.030 cm s-. The source of the retention and conductivity data for the backfill soil

was PNL laboratory record book BNW 53071.

3.2.5 Gravel

The water retention properties of gravel were determined between 0 and -10 cm of matric

potential using the column method with two Plexiglass columns packed to a bulk density of

1.38 g cm-3. Those data were combined with a vapor adsorption datum and linear interpolation to

estimate the full range of water retention. Particle density was assumed to be 2.8 g cm-3. The water

retention data are contained in Table A.4 of the Appendix. The only information on particle size

distribution is that all particles are between 3.692 mm and 8 mm in diameter.

The saturated hydraulic conductivity was determined with the constant head method using a

10-cm-long column with an area of 17.65 cm 2. A head gradient of 2.5 cm was maintained across the

column. Five 10-second repetitions yielded a range of values from 1.77 to 1.97 cm s-1 and an

average value of 1.85 cm s-1. The K, value (1.85 cm s-1) and the experimental design may have

resulted in a Reynolds number in excess of 80, which would indicate turbulence, decreased flow

through ihe-sampleand- deviation from Darcy's -law. Assuming that the effect of the turbulence

would be to reduce flow relative to flow under laminar conditions, the actual conductivity value was

probably somewhat higher than that reported. In the absence of any other data, however, these

hydraulic conductivity estimates were assumed to be reasonable first approximations. The source of

the retention and conductivity data for the gravel was PNL laboratory record book BNW 53071.

3.2.6 Clay

The water retention properties of the clay were determined using the pressure plate method

(samples were packed to a density of 1.45 g cm- 3, which represented roughly 90% of the maximum
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dry density as extrapolated from data in Dames and Moore [1988]) and the vapor adsorption

method. Particle density was assumed to be 2.6 g cm- 3. The water retention data are contained in

Table A.5 of the Appendix.

The saturated hydraulic conductivity was determined in triplicate using the constant head

method and the Ruska penneameter. The applied pressure difference was 510 cm across a 6.45-cm-

long sample with an area of 18.1 cm 2. The tests were run for about 54 hours and outflow volumes

were 8 to 10 cm 3. The three conductivity values were 1.23 x 10-9, 7.75 x 10-9. and 8.26 x 10-9 cm s-1.

for an average value of 9.4 x 10-9 cm s-1. After the tests, the conductivity samples remained in the

sample cells for 42 days and swelled. The increase in sample length was roughly 30%. The conduc-

tivity test was performed again with a pressure difference of 1,020 cm. After about 0.4 hours, the

outflow was about 2 cm 3. The average calculated K, value was 1.8 x 10-7 cm s-1, or approximately

20 times the original value. The source of the retention and.conuctivity data was PNL laboratory

record book BNW 53071.

3.2.7 Asphalt

No data were initially available. Asphalt was assumed to be impermeable to liquid water,

hence, hydraulic properties were assigned to satisfy that assumption yet remain compatible with

properties of adjacent materials. The assigned values of saturated and residual water contents were

0.162 and 0.0 cm 3 cm-3, respectively. The assigned value of saturated conductivity was 10-20 cm s-1.

After this report was drafted, asphalt data became available. Clemmer et al. (1992) estimated that the

total porosity of three samples was 3% to 4%, which was about 1/4 the assumed value of 16.2%.

Based on the permeability to N2, the asphalt permeability to water was estimated to be

2 x 10-13 cm S-1.
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3.2.8 Concrete

Bulk density, particle density, and hydraulic conductivity data are contained in Table A.6 of

the Appendix. Saturated hydraulic conductivity was determined using the constant head method and

the Ruska permeameter with a pressure difference of 2,068 cm across the samples. The average

value, 3.88 x 10-10 cm s-1, was within the range of values reported by Whiting (1988) for seven types

of concrete.

Water retention by concrete was determined using only the vapor equilibrium technique

because the pressures required to remove water from this material were much greater than those that

could be obtained with the other techniques. Water retention data for the concrete are reported in

Table A.7 of the Appendix.

Bailey and Hampsen (1982) listed ion concentrations for the aqueous phase of Portland

cement before and after complex ion formation. They cited a "typical'. molarity for calcium

sulfate in the aqueous phase of Portland cement of 0.0258 mol L-1. Using concentrations of sodium,

calcium, sulfate, and hydroxide of 15, 57, 53, and 35 mmol L-1, respectively, as reported by Bailey

and Hampsen (1982), the GMIN model predicted the activity of water to be 0.99978. Substituting

this water activity into Equation (3.3) yielded an estimate of the osmotic potential for cement of

approximately -0.03 MPa (i.e., -306 cm). This value of osmotic potential was considered to be rela-

tively small. Therefore, the total potentials inferred from the thermocouple psychrometer measure-

ments for the Sandia concrete were related directly to matric potential (for calculating retention

parameters) without any corrections for osmotic potential. The source of the retention and conduc-

tivity data for the concrete was PNL laboratory record books BNW 4042 and BNW 50881.

3.2.9 Grut

Bulk density, particle density, aair aydraulic conductivity data are contained in Table A.8 of

the Appendix. Saturated hydraulic conductivity was determined using the constant head method and
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the Ruska permeameter with a pressure difference of 510 cm across the samples. Water retention by

grout was determined-using only the vapor equilibrium technique because the pressures required to

remove water from this material were much greater than those that could be obtained with the other

techniques. Water retention data for the DSSF grout are tabulated in Table A.9 in the Appendix.

The data reported by Lokken et al. (1992b) indicated that the molarity of the grout pore

water solution was in excess of 4.0 mol L-I. Because of the high molarity, the osmotic potential was

calculated to correct the vapor adsorption data. The average concentrations of 6 of the 12 measured

constituents (i.e., Na, K, NO 3, NO 2, SO 4, and Cl) from Table 3.1 in Lokken et al. (1992b) were used as

input to the GMIN chemical equilibrium model (Felmy 1990) to estimate the activity'of water in the

DSSF grout pore solutions. The activity of water estimated by the GMIN code was 0.8448. Substitut-

ing this water activity into Equation (3.3) yielded an osmotic potential of approximately -23.2 MPa

(-232 bar). This.value of osmotic potential was subtracted from all total water potential data for the

DSSF grouts to estimate the matric potentials reported in Table A.9. Implicit in this osmotic potential

correction is the assumption that the osmotic potential of the grout will remain more or less constant

and will not change as a function of saturation. The source of the retention and conductivity data for

the DSSF grout was PNL laboratory record book BNW 53294.
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4.0 HYDRAULIC PARAMETERS

Flow and transport through an unsaturated porous medium is governed by the relationships

among water content, matric potential, and hydraulic conductivity. Within numerical models, these

relationships can be represented by mathematical functions containing one or more fitted parameters.

This section specifies the hydraulic functions used, the parameter fitting procedure, and the correc-

tions for gravel content, and summarizes the average parameters to be used to describe the hydraulic

properties of the materials in the conceptual model in Figure 2.3.

4.1 HYDRAULIC FUNCTIONS

The water retention function that was used was proposed by van Genuchten (1980) as follows:

O(h)= 0, +(s -6r)[1+(ahr]m (4.1)

where O(h) = volumetric water content (dimensionless) as a function of h, the matric potential

0, = saturated water content (dimensionless)

0, = residual water content (dimensionless)

a = reciprocal of air-entry matric potential (cm-1)

h = matric potential (cm)

n, m = curve-fitting parameters (dimensionless), with m=l-l/n.

Describing water retention with the van Genuchten function enabled calculation of unsaturated

hydraulic conductivity, K(h), as follows (van Genuchten 1980):

K(h) = K, - (ah)"4[1 + (ah)"]"? (4.2)

[ I+( h )]m/2
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using the predictive hydraulic conductivity model of Mualem (1976). In Equation (4.2), the pore

interaction term was fixed at a value of 0.5.

4.2 PARAMETER ESTIMATION PROCEDURE

The retention parameters 8, 0, ax, and n from Equation (4.1) were fit to water retention data

using the nonlinear, least-squares, curve-fitting program known as RETC (Yates et al. 1992).

Generally, the water retention data from the various measurement methods were combined and used

to fit the parameters in the van Genuchten water retention function. When data from the pressure

plate and hanging water column methods overlapped, the overlapping pressure plate data were omit-

ted during the curve fitting because they were considered less reliable. Smoot et al. (1989) reported

fitted parameters for samples from well No. 299-E25-234 in which the retention data from duplicate

samples were combined before fitting. For this report, the water retention data from each duplicate

subsample wererefit individually to obtain fitted parameters. Therefore, the parameter estimates in

the Appendix for samples from well No. 299-E25-234 vary somewhat from those reported in Smoot

et al. (1989) and Connelly et al. (1992b).

The sandy sequence of the Hanford formation was represented by combining 28 sets of

parameters from well No. 299-E25-234, 5 sets of parameters from the 241 AP Tank Farm Facility,

21 sets of parameters from the U.S. Ecology-site, 3 sets of parameters from the 200-BP-1 site, and

3 values of in situ saturated hydraulic conductivity determined using a borehole permeameter at the

bottom of the existing grout pit (Dames and Moore 1988).

The lower gravel sequence of the Hanford formation was represented by combining two sets

of parameters from well No. 299-E25-234, eight sets of parameters from the 200-BP-1 site, two sets

of parameters from B Pond, and two sets of parameters from the U.S. Ecology site. Some of the

parameter sets were from samples of the upper gravel sequence of the Hanford formation, which is

absent in the vicinity of the GTF. However, the upper and lower gravel sequences of the Hanford
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formation are texturally similar and more or less indistinguishable from each other except for

stratigraphic position (Connelly et al. 1992a, 1992b).

The Ringold Formation was represented by combining four sets of parameters from the

Ringold Formation near B Pond and one set of parameters from the U.S. Ecology site. No data or

sets of parameters were available for the Ringold Formation beneath the GTF.

Parameters for the backfill soil, clay, gravel, concrete, and grout were fitted to the data

reported in the Appendix. Given the lack of data on asphalt properties, parameters for the asphalt

were estimated. Parameter sets for all of 4he materials having more than one parameter set are

reported in Tables A.10 to A.14 of the Appendix, along with the estimated means and variances.

4.3 CORRECTIONS FOR GRAVEL CONTENT

In a summary of the hydrogeology of the 200 East Area, Cushing (1992) mentioned the

presence of gravel throughout portions of the vadose zone. Except for samples collected above the

126-ft (38.4-m) depth from well No. 299-E25-234, all water retention and hydraulic conductivity

data used for this report were generated using the less than 2-mm-diameter particle-size fraction.

Bouwer and Rice (1983) proposed a technique for calculating the bulk hydraulic properties

of a mixture containing sand and gravel from the hydraulic properties of the sand fraction alone and

the volume fraction of the gravel. The water retention of the sand-gravel mixture was determined as

follows:

Ob = (1-Vr) 01 (4.3)

where 0b = volumetric water content of the sand-gravel mixture

0, = volumetric water content of the sand fraction
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V, = volume fraction of the gravel.

The bulk saturated hydraulic conductivity, Kb, of the sand-gravel mixture was calculated as

Kb = K, (eb / e,) = K, (eb/g,) (1-0,) / (1-0b) (4.4)

where K, = saturated hydraulic conductivity of the sand (less than 2-mm-diameter size fraction)

eb = void ratio of sand-gravel mixture

e, = void ratio of sand

and the void ratio is simply the volume of voids divided by the volume of solids. In Equation (4.4),

Ob and 0, are the saturated values. Bouwer and Rice (1983) suggested that, in practice, the above

procedure could be made more accurate if the saturated water content of the sand-gravel mixture was

determined in situ. This value could then be used as a matching point when fitting parameters to

describe the relationship between K and 0.

Equations (4.3) and (4.4) were used to scale the hydraulic properties of samples I and 4 from

the 241 -AP Tank Farm (Smoot et al. 1989). The scaled hydraulic properties were referenced as

sample 10 and 4G, where the "G" indicated that the properties were scaled to account for the gravel

fraction. Samples 1G and 4G contained 38% and 10% gravel, respectively. Thus, utilizing Equa-

tion (4.3), their effective 0, values were reduced by 38% and- 10%, respectively. Utilizing Equa-

tion (4.4), the K, values were reduced by 51% and 17%, respectively, for samples 1G and 4G. For

these calculations, the particle density of the gravel was assumed to equal that of the sediments.

Similar corrections for gravel content were not performed for the samples representing the Hanford

formation lower gravels.

4.4 PARAMETER SUMMARY

The average parameters for sediments from the Hanford and Ringold Formations and for the

other materials comprising the grout waste isolation system are listed in Table 4.1. These parameters
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TAB.E 4.1. Average Water Retention Parameters and Vertical Saturated Hydraulic Conductivity
Values Used for Grout Vadose Zone Row and Transport Modeling

Water Retention

Material Type

Hanford Formation(a)
Sandy Sequence
Lower Gravels

Ringold Formation(a)
(undifferentiated)

Backfill Soil (b

Gravel (b)
Clayob)
Asphalt (c)
Concrete(d)
DSSF Grout (a)

No. of
Samnies

57
14

0, - _,. otcm-1_

0.4203 0.0234 0.1943
0.3584 0.0213 0.0290

5 0.4982 0.0283 0.0176

0.3710
0.5180
0.4480

0.162
0.2258
0.5781

0.0450

0.0140
0.0000
0.0
0.0000
0.0000

0.0683
3.5366
5.39 x 10-4

1.00 X 10-7
7.61 x 10-6
1.08 x 10-5

n-

1.868
1.613

1.338

2.080
2.661
1.324
2.0
1.393
1.650

Unsaturated Hydraulic
Conductivity

No. of
Samnles Kcms-_

45
13

1.55 x 10-3
2.73 x 10-4

5 2.42 x 10-6

2
1
3
0

-6
3

3.00 x 10-2
1.85
9.40 x 10-9
1.0 x 10-20
3.75 x 10-10
1.47 x 10-8

(a) Original data for well

(b_

(c)
(d)

(e)

No. 299-E25-234 contained in laboratory record book BNW 52457; other
data sources were Smoot et al. (1989), Connelly et al. (1992b), and Dames and Moore (1988).
Original data contained in laboratory record book BNW 53071.
Estimated parameters; no available data.
Original data contained in laboratory record books BNW 4042 and BNW 50881.
Original data contained in laboratory record book BNW 53294.

were used for the base-case flow and transport simulations for the grout PA. The parameters in

Table 4.1 are arithmetic mean values with the exception of the K, values, which are geometric mean

values. Geometric mean values of the saturated hydraulic conductivities were used because saturated

hydraulic conductivity has often been shown to be lognormally distributed (Hills and Wierenga 1991;

Sudicky 1986).
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Figures A.1 through A.16 show the retention and conductivity data along with the fitted func-

tions for the samples from well No. 299-E25-234, the backfill soil, gravel, clay, concrete, and grout.

Smoot et al. (1989) reported the data and a parameter set for each depth in Well E25-234, but they

had lumped the data from individual samples to calculate the parameters. As noted previously in this

report, each sample was fitted separately. Connelly et al. (1992b) reported plots of the remaining

functions in Tables A.]0 to A.12.

The water retention and hydraulic conductivity curves corresponding to the average parameters

from Table 4.1 are shown in Figure 4.1. The saturated hydraulic conductivities of the different
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materials depicted in Figure 4.1 range over 9 to 10 orders of magnitude. Similarly, the air-entry

potentials (reciprocal of a) of these materials range over 6 to 7 orders of magnitude. Insufficient

data were available to reliably determine representative probability distributions of the parameters for

the sediments beneath the GTF. However, means, variances, and minimum and maximum values of

the parameters were calculated for this limited number of samples to show the potential ranges of

parameter variability.
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5.0 DISCUSSION

The parameters in Table 4.1 were used in single-phase isothermal flow and transport simula-

tions reported in the grout PA. Summarized here are the assumptions and observations that underlie

the generation of those parameters and suggestions for improving the methods used to collect the

data and generate new parameters. What is needed most is a program dedicated to identifying the

important materials, identifying the conditions to which those materials will be subjected, and measur-

ing the properties under those conditions. Burial of grouted and other defense wastes may eventually

require simulations of two-phase nonisothermal flow with reactive transport. The effects of osmotic

potential on the flow of water vapor may need to be coupled directly with either isothermal or noniso-

thermal liquid water flow. Creating a research program now would ensure that the appropriate

hydraulic models are identified and parameters for simulations are obtained in a timely fashion.

5.1 METHODS

Overall, the data quality was not consistent. Some sources documented the sample location and

reported a range of replicated tests that were well described and referenced; other sources provided

only a number. Because the analysis methods have some leeway for interpretation and application,

the precise methods used should be documented, along with the sample sizes. Ideally, undisturbed

samples should be obtained and analyzed for panicle size, panicle size distribution (including gravel

distribution and clay content), particle density, bulk density, water retention over the entire range of

matric potentials, and saturated hydraulic conductivity (and at least one unsaturated conductivity

value, if possible). Although not performed on the samples used in this report, chemical tests would

reveal useful information such as CaCO3 content and osmotic potential. All tests should be run in

duplicate if not triplicate.

The backfill soil, clay, and asphalt warrant further testing because they are such prominent com-

ponents of the near-field region of the vaults. The backfill soil was analyzed in duplicate compared
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to the mom than 50 samples used to represent the Hanford sandy sequence. The method used to

measure retention in the backfill (i.e., a column method) remains to be verified by established proce-

dures. The data for the backfill appear to vary significantly from the data for other similar materials;

thus, more analyses are needed. For example, the saturated conductivity of the backfill was 10- to

100-fold higher than the values measured for intact cores from the Hanford formation that had

almost identical particle size distributions and similar bulk density values. The value was also 100-

fold higher than the K, value for stockpile samples reported by Dames and Moore (1988).

The clay was actually a bentonite/silt mix with the propensity to swell considerably (as demon-

strated in the lab). As noted in Section 3.2.6. the K, of the swelled clay (about 2 x 10-7 cm s-1) was

20 times higher than originally measured. The properties of the clay must be evaluated under the

expected conditions, i.e.. under a load, under a large temperature cycle as the grout temperature rises

and subsides, and under drying. Some test results were reported by Dames and Moore (1988), but

the methods and testing ranges must be examined. For the grout PA. the properties used to simulate

water behavior in the asphalt barrier were assumed. The properties of the asphalt in its original and

degraded states should also be measured and reported.

The properties of the concrete were determined on a sample from Sandia National Labora-

tories. Some measurements of the properties of the concrete to be used at the GTF must be made to

verify the similarity to the Sandia sample. If the properties are not similar, the GTF concrete proper-

ties should be evaluated fully.

The properties for DSSF grout were determined for a special formulation. For reasons related

to the need to optimize parameters such as leachability and strength, the formulation is subject to

revision. Lokken and Ma-L'n '1992) discussed DSSF grout formulations in which the ratios of blast

furnace slag, cement, ly ash,-and limestone flour, and two dilutions of the tank waste, were tested for

their effects on properties. As the grout formulation is varied, the resulting grout should be evaluated
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for the need to conduct physical and hydraulic tests specific to that formulation, as much as two

separate soil samples are treated separately or together depending on their similarities.

Measurements of the physical and hydraulic properties of DSSF grout could be affected by

changes in the pore solution and grout structure as the samples are dried (e.g., precipitation near

surfaces) or water is passed through (e.g., K, test). The measurement techniques need to be evaluated

to determine whether or not such changes have a significant effect on the measurement of properties.

During the design life of the GTF, the grout material will experience similar changes or degradation;

the results from the evaluation of measurement techniques will be transferable to the evaluation of

degradation.

5.2 BULK DENSITY

Table A.2 shows how bulk density varied with depth within the same formation (Smoot et al.

1989). Most of the data used to. fit parameter values were derived from samples that were not packed

to the in situ bulk densities, which were unknown, the packed samples certainly did not have the struc-

ture of the in situ sediment material.

Sample size may have affected the observations of bulk densities. The conductivity cores in

Table A.2 were roughly 40 times larger in volume than the- water retention cores. Table A.2 shows

that the mean bulk density value of the conductivity cores was 0.15 g/cm 3 (i.e., 10%) greater than that

of the water retention cores. The difference in bulk density was either the result of the subsampling

technique or the indirect method used to calculate the bulk density of the conductivity core.

5.3 HYDRAULIC CONDUCTIVITY

For each material, the predicted hydraulic conductivities reported in the Appendix range from

over 3 to 4 orders of magnitude near saturation and more than 10 orders of magnitude near the

residual or irreducible water content. However, it should be noted that the unsaturated hydraulic
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conductivity curves were generated using the saturated hydraulic conductivity as a single matching

point. Therefore, there is much more uncertainty in the predicted unsaturated hydraulic conductivity

values at lower water contents.

Yates et al. (1992) compared measurements of unsaturated hydraulic conductivity for 23 dif-

ferent soils with predicted values generated using water retention and saturated hydraulic conductivity

data with the RETC code and the Mualem model. In general, the predicted unsaturated hydraulic

conductivity values were in reasonable agreement with the actual hydraulic conductivity data.

Rockhold ct al. (1988) compared measured and predicted unsaturated hydraulic conductivities for a

sandy soil on the Hanford Site using fieldand laboratory data. The comparisons indicated differ-

ences of up to one order of magnitude between unsaturated hydraulic conductivities predicted using

only water retention data and saturated hydraulic conductivity with the Mualem model and the RETC

code, and actual unsaturated hydraulic conductivity data generated using the steady-state flux control

method in laboratory column experiments (Klute and Dirksen 1986). The lack of unsaturated

hydraulic conductivity data for the materials in the grout PA precluded direct comparisons of meas-

ured and predicted unsaturated hydraulic conductivities.

5.4 GRAVEL CONTENT

Gravel is a constituent of much of the vadose zone. The percentages of gravel should always be

reported. The higher the percentage of gravel, the more important it is to measure the particle dens-

ity of the gravel fraction. Scaling the hydraulic properties of two samples with high percentages of

gravel significantly reduced the values of effective porosity and saturated hydraulic conductivity rela-

tive to the values determined using the less than 2-mm particle-size fraction. The accuracy of this

method for scaling the hydraulic properties to account for the gravel-size fraction should be verified

for the materials in the grout PA. This method or an analogucs procedure should, however, be consis-

tently applied to correct the hydraulic properties of all samples containing a metsrable gravel

content.
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5.5 SPATIAL VARIABILITY

The intact sediment cores from well- No.- 299-E25-234- were-lined and did not permit visual

examination. Thus, lenses and stratifications noted in the driller's log were not observed in the cores,

even though those features may have been present. Two subsamples, one from each end of each

core, were used to represent the entire core. Of 13 intact cores, nine cores yielded retention data for

two subsamples that were consistent for each end of the core. In contrast, four cores yielded sub-

samples with a large degree of variability. For one of those cores (Sample 25), a second set of

hanging water column tests was conducted to see if the first set was an anomaly. The results from

those tests indicated that, indeed, a significant variation in properties indeed existed within Sample 25

over a distance of 4 cm (Smoot et al. 1989).

Based on the laboratory results, heterogeneity on the scale of the individual conductivity cores

(15 cm diameter; 15 cm long) evidently existed. The question of what is the correct scale of measure-

ment necessary to quantify the spatial variability and determine effectiv'e flow parameters remains a

research topic. However, it may be possible to correlate data obtained from geophysical logging tech-

niques and granulometric (i.e., particle size) data to more clearly delineate lenses and stratifications

that control the flow and transport processes.

Insufficient data were available to reliably estimate spatial correlation lengths for the hydraulic

properties of the sediments beneath the GTF. If such data were available, conditional simulations

could potentially be used to forecast the transport of contaminants from the grout vaults (Joumel and

Huijbregts 1978; Clifton and Neuman 1982). Conditional simulation allows spatially correlated ran-

dom hydraulic property fields to be generated with the proper spatial and statistical structures and

preserves the values of the field observations at their measurement locations. This type of simulation

can be carried out using the Monte Carlo method to generate probabilistic assessments of contami-

nant migration and fate. Various other techniques for incorporating data and parameter uncertainties

into performance assessment models are described by Zimmerman et al. (1990).
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5.6 HYSTERESIS

Hysteresis effects were shown to be significant during transient unsaturated flow (Kaluarachchi

and Parker 1987; Lenhard and Parker 1987). However, none of the numerical models used for the

grout PA simulations accounted for hysteresis in the constitutive relationships describing water

retention or conductivity and no data were collected to support such modeling. Given the burial

depth, however, the extent of wetting and drying cycles (when hysteresis is manifested) should be

minimal. One or more simulations could be conducted to verify the veracity of this assumption. The

analysis is not straightforward, however, because the current simulations do not address the movement

of water vapor in response to the temperature pulse and osmotic effects, which are likely to be the two

major drivers of water content changes.

5.7 ANMSOTROPY

In the groundwater hydmiogy literature it is common to see references to regional anisotropy,

with saturated hydraulic conductivities in the horizontal direction that are 10 or more times greater

than those in the vertical direction (Freeze and Cherry 1979). Apparent anisotropy results from the

preferred orientation of mineral grains in the horizontal direction and from material -heterogeneities

(Freeze and Cherry 1979: Marcus and Evenson 1961). Laboratory measurements of saturated

hydraulic conductivity generally represent the vertical direction because of the vertical orientation of

the samples. Hydraulic conductivities calculated from aquifer test data are more representative of the

horizontal direction, and integrate much larger sample volumes. Such tests, however, apply only to

the saturated zone of the aquifer and not to the vadose zone.

Graham et al. (1981) reported conductivities in the 200 Area of 0.7 to 3.5 cm s-1 in the

Hanford formation, 0.003 to 0.08 in the middle Ringold Formation, and 0.001 to 0.004 in the lower

Ringold Formation. They determined an anisotropy ratio in one well that ranged between 1 and 13.

Analyses of aquifer test data from the 200 East Area indicated that saturated hydraulic conductivities

in the lower gravel sequence of the Hanford formation and the Ringold Formation (gravel unit A)
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ranged from approximately 0.7 to 6.8 cm s-1 (Newcomer et al. 1992). These values were 4 to

8 orders of magnitude greater than the range of values determined using laboratory methods. This

discrepancy was attributed to anisotropy, heterogeneity, and scale differences resulting from different

sampling volumes. Also, when collecting split spoon samples, sediments may be compacted during

drilling, producing lower saturated hydraulic conductivities. Neither laboratory nor field measure-

ments of horizontal conductivity values in the vadose zone of the GTF were available. Without sup-

porting field data, the selection of anisotropy ratios for the vadose zone would be arbitrary. There-

fore, hydraulic conductivities were assumed to be isotropic for the vadose zone flow and transport

simulations that were conducted for this grout PA. To support the use of anisotropy ratios in the

vadose zone, measui-ements of conductivity are needed in both the horizontal and vertical directions

on the same undisturbed samples without observable sediment layering or preferred channels. In lieu

of measurements, transient flow data are needed that can be used to calibrate flow and transport

models with the anistropy ratio as a calibration parameter.

5.8 TEMPERATURE AND SOLUTE EFFECTS

The testing and analyses reported here did not account for the effects of temperature changes

and solutes on the physical and hydraulic properties of the grout and other materials at the GTF.

Temperatures in the grout were expected to reach 90'C and above. The solute content of the pore

water in DSSF grout was shown to exceed 400 g L-1 (Lokken et al. 1992b). Such high temperatures

and solute contents will affect the conductivity of water, the retention of water, the water vapor pres-

sure, and the volume of clays.

The conductivity of water in a porous medium is a function of density and viscosity, which in

turn are functions of temperature. Density changes over temperature ranging from O'C to 100C are

no more than 4% and likely exert a minor effect on predictions of flow and transport. Viscosity

changes over the same range, however, are roughly ± 75% relative to the viscosity at 20'C. The effect

of temperature on viscosity might be accounted for by varying saturated conductivity ± 75%,
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although such an analysis would ignore all of the associated effects caused by temperature changes

(e.g., vapor pressure changes, solubility changes). Whether the temperature dependence of viscosity

explains all of the temperature dependence of unsaturated conductivity is an unresolved issue

(Constantz 1982; Hopmans and Dane 1986).

At a constant temperature, the conductivity of water is inversely related to the kinematic

viscosity. For a NaNO 3 concentration of 367 g L-1, comparable to those seen by Lokken et al.

(1992b), the relative kinematic viscosity would be 1.3, meaning a 23% reduction in conductivity.

This reduction appears to be less significant than the changes in viscosity caused by temperature, and

certainly smaller than the natural variability of conductivity. For these reasons, viscosity changes

were not considered in the grout PA.

Temperature also affects water retention through its dependence on surface tension (between

OC and 100'C, surface tension varies ± 12% imm the value at 50*C). The measured effect, however,

is much greater Constantz (1982) reported that retention was reduced 3- to 4-fold more than pre-

dicted from surface tension alone as the temperature was increased from 2'C to 25*C to 45'C.

Giakoumkis and Tsakiris (1991) saw a similar response in retention between 3'C and 20'C for both

drying and wetting experiments.

Vapor flow is affected by osmotic potentials and temperature gradients, both of which will be

highest in and around the vaults. Vapor flow resulting from the osmotic potential gradient was

estimated and considered in the grout PA. A conservative analysis showed the impact to be much

lower than the impact of liquid flow. Vapor flow resulting from a temperature gradient is most likely

to be highest during the early years of the GTF and then decrease in importance as the GTF cools.

Tu understand the effect of temperature on vapor flow, consider that the vapor pressure of water

approximately doubles as the temperature is raised from O'C to 10C, then doubles again at the follow-

ing temperatures: 21'C, 33'C, 45'C, 60'C, 75'C, and 93'C. Nasser et al. (1992) reported the results of
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experiments and modeling dealing with the combined effects of heat, water, and solutes in porous

media. They looked at temperatures between 9*C and 2TC. Their model performed best at match-

ing the experimental results when the initial water contents were high (0.134 to 0.166 cm3 cm-3) and

the initial solute concentration was low (< 0.1 mol). When the water contents were low, or when the

solute concentration was high (i.e., 0.5 mol), the model either underestimated or overestimated water

flow. Their results indicate an incomplete understanding of the physics and chemistry of their

system. By implication, their results are likely applicable to the GTF, which could see temperatures

near 90'C and solute concentrations above 4.0 mol. An analysis should be conducted to determine

whether the experiment-model discrepancies, when scaled to the conditions of the GTF, would have a

significant impact on the grout PA.

Clay-size particles have the greatest likelihood for volume changes from flocculation or disper-

sion caused by the presence of solutes. The volume changes induced in the surrounding sediments

by contact with the grout solution is unknown. The clay contents seen in most of the sediment

samples were small; for the samples reported in the Appendix, the clay contents.were 6% or less.

Laboratory'tests should be conducted in which the materials (i.e.; the concrete, asphalt, and sedi-

ments) are subjected to grout pore water and observed for geochemical changes, physical changes,

and hydraulic changes.

5.9 GEOCHEMISTRY

The testing and analyses reported here did not account for the effects of geochemical changes

in the GTF, particularly within, and in the vicinity of, the grout vaults. These changes will be brought

on by precipitation/dissolution reactions as the high-concentration grout pore water interacts with the

low-concentration sediment pore water and by the temperature and water content variations experi-

enced by the materials of the GTF over their lifetime. The precipitation/dissolution reactions will

cause volume changes that can lead to cracks or the plugging of cracks and pores (e.g., see Lowell

et al [19931 for an example of permeability affected by precipitation). In either case, the physical
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and hydraulic properties will be changed. Criscenti and Serne (1988) studied the geochemistry of a

grouted commercial waste form in contact with soil, but they did not explore the associated physical

and hydraulic changes. A literature review and laboratory tests of the actual grout formulations and

wastes of the GTF should be conducted to determine the geochemical effects on physical and hydrau-

lic properties.

5.10 DEGRADATION

The testing and analyses reported here did not account for the effects of material degradation,

which is defined as any change from the original properties. During the course of compiling the PA,

many mechanisms for degradation were proposed that could only be addressed with gross approxi-

mations or estimates. Examples include 1) fines infiltrating the gravel and negating the capillary

break, 2) concrete spalling and cracking that creates flow pathways within the vault and through the

concrete wall, 3) loss of the asphalt to vaporization and biodegradation, leaving only the aggregate

mix, and 4) cracking of the asphalt after it becomes brittle from the heat. All proposed degradation

mechanisms should be evaluated for validity and impact; those mechanisms that are valid and could

significantly affect the PA must be the subject of further tests. An accurate assessment, based on test-

ing, should be made of the rates of degradation and the associated changes in the physical and

hydraulic properties.
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APPENDIX

PHYSICAL AND HYDRAULIC PROPERTY DATA

Particle-Size Distribution Data for Sediment Samples from Well No. 299-E25-234. For two
samples with gravel contents >10%, I-kg samples were wet sieved to determine gravel size
distribution.

TABLE A. .

Samnie

1% Gravel
88% Sand
7% Silt
4% Clay

25
86% Sand
9% Silt
5% Clay

% Less
Than

98.93
91.18
56.55
25.88
15.15
12.55
10.67
10.13
8.75
7.75
6.88
5.00
4.25
3.63
3.62

99.74
97.07
85.07
51.27
21.97
16.98
13.83
19.00
14.88
10.75
8.13
6.00
6.00
5.00
4.63

Samnle

12
2% Gravel
62% Sand
31% Silt
5% Clay

22
95% Sand
2% Silt
3% Clay

Particle
Size um

2000.00
1000.00
500.00
250.00
106.00
75.00
53.00
48.20
28.11
15.51
8.99
6.36
5.22
4.52
1.32

2000.00
1000.00
500.00
250.00
106.00
75.00
53.00
49.96
29.07
15.97
9.22
6.54
5.33
4.62
1.35

% Less
Tnan

98.23
95.57
88.01
69.84
47.35
41.19
36.33
21.13
16.63
13.25
9.88
7.63
5.25
5.50
5.25

99.84
98.16
77.67
40.23
11.83
7.74
4.75

13.38
9.50
8.00
6.75
2.88
3.25
2.63
2.75

J.60

Particle
Size umn

2000.00
1000.00
500.00
250.00
106.00
75.00
53.00
48.72
28.21
15.48
8.93
6.32
5.15
4.47
1.31

2000.00
1000.00
500.00
250.00
106.00
75.00
53.00
49.19
28.66
15.84
9.19
6.48
5.28
4.58
1.34

A. 1



Samnie

32
1% Gravel
77% Sand
17% silt
5% Clay

1%Gravel
82% Sand
11% Silt
6% Clay

A.2

Particle
Size urn

2000.00
1000.00
500.00
250.00
106.00
75.00
53.00
50.18
29.21
16.07
9.36
6.62
5.41
4.68
1.37

2000.00
1000.00
500.00
250.00
106.22
75.00
53.00
50.11
29.12
16.05
9.30
6.59
5.37
4.65
1.34
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TABLE A.. (contd)

% Less
Than Samne

98.63 4-t
92.71 04% Sand
81.34 4% Silt
55.50 3% Clay
32.19
26.92
23.24
21.25
17.25
15.38

10.5
8.75

-. 7.00
6.63
5.00

99.47 62
96.62 3%Gravel
81.48 90% Sand
48.28 5% Silt
31.02 2% Clay
26.75
23.63
17.75
15.75
12.00
8.88
7.88
7.00
7.38
6.00

Particle
Size Urn

2000.00
1000.00
500.00
250.00
106.00
75.00
53.00
51.33
29.69
16.26
9.38
6.61
5.39
4.66
1.39

2000.00
1000.00
500.00
250.00
106.00
75.00
53.00
50.29
29.05
15.92
9.22
6.53
5.33
4.62
1.34

% Less
Than

99.56
97.57
73.37
27.39
12.06
9.78
8.43
6.50
5.38
4.75
4.50
4.25
3.63
2.50
2.75

96.98
85.03
49.98
26.30
15.97
13.55
11.80
7.00
6.75
5.25
3.25
2.50
2.75
2.00
2.00
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TABLE A.I. (contd)

Particle % Less Particle % Less
Sample Size um Than Samnle Size um Than

lu 2000.00 95.92 22 2000.00 99.51
4% Gravel 1000.00 79.70 58% Sand 1000.00 97.07
85% Sand 500.00 47.85 40% Silt 500.00 86.13
9% Silt 250.00 26.15 2% Clay 250.00 66A6
2% Clay 106.22 15.36 106.00 49.42

75.00 12.74 75.00 44.97
53.00 11.00 53.00 42.31
49.93 7.13 49.84 8.49
28.86 6.75 28.98 6.28
15.85 5.63 15.93 4.76
9.19 4.00 9.25 2.97
6.51 3.00 6.55 2.63
5.32 2.00 5.36 1.87
4.61 2.00 4.65 1.70
1.33 2.25 1.34 2.72

n.l 2000.00 93.82 .U2 2000.00 96.54
6% Gravel 1000.00 71.65 3% Gravel 1000.00 93.32
81% Sand 500.00 45.45 86% Sand 500.00 59.69
11% Silt 250.00 29.70 8% Silt 250.00 35.33
2% Clay 106.00 16.81 3% Clay 106.00 19.87

75.00 15.32 75.00 15.98
53.00 13.32 53.00 13.24
49.91 8.75 50.49 10.13
28.89 7.38 29.20 9.00
15.88 5.88 16.06 6.25
9.20 4.63 9.27 6.75
6.52 3.00 -- 6.56 4.50
5.33 2.00 5.35 4.50
4.62 1.75 4.64 3.75
1.34 2.75 1.34 2.63
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TABLE A.1. (contd)

Particle
Sample Size pm

Particle
Size um

% Less
Than

100.00
84.19
71.72
66.80
58.31
48.78
36.60
22.56
16.07
11.84
10.78
10.06
2.13-
2.01
2.01
1.22
1.16
0.98
0.55
0.49

A.4

% Less
Than

100.00
100.00
98.50
89.38
80.70
69.88
57.57
45.30
36.77
28.21
25.00
22.24
15.82
12.41
9.79
5.86
4.20
3.41
3.15
3.32

Sample

51% Gravel
39% Sand
9% Silt
1% Clay

(in)
(in)
(in)
(in)
(mm)

mn
30% Gravel
48% Sand
19% Silt
3% Clay

2.00
1.00
0.75
0.50
4.75

2000.00
1000.00
500.00
250.00
106.22
75.00
53.00
50.24
29.03
15.90
9.21
6.51
5.33
4.62
1.34

2.00 (in)
1.00 (in)
0.75 (in)
0.50 (in)
4.75 (mm)

2000.00
1000.00
500.00
250.00
106.22

75.00
53.00
47.41
27.68
15.31
8.94
6.35
5.20
4.51
1.30
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TABIL A2. Bulk and Particle Density Data for Samples from Well No. 299-E25-234. Sample volumes
were 68 cm 3 for the retention cores and 2600 cm 3 for the conductivity cores. Particle density
values are the average of three replicates, except for samples 19 and 117, which are averages
of two replicates.

Bulk Density (g cM- 3) Particle Density
Sample Water Retention Cores Conductivity Cores (e CM-3)

5 1.62, 1.75 1.79 2.82
19 1.45, 1.36 1.61 2.77
25 1.36, 1.31, 1.34, 1.31 1.43 2.72
29 1.53, 1.50 1.83 2.71
37 1.27, 1.29 1.38 2.64
46 1.44, 1.61 1.72 2.68
54 1.47, 1.42 1.66 2.68
69 1.70, 1.62 1.82 2.72
83 1.65, 1.68 1.80 2.73
99 1.71, 1.69 1.84 2.70

110 1.55, 1.58 1.89 2.72
117 1.47, 1.59 1.44 2.71
126 1.80, 1.76 1.82 2.79
133 1.97 1.96 2M zI

Mean Values* = 1.53 1.68 2.72

(a) Water retention cores for samples 126 and 133 were packed in the laboratory. Therefore, bulk densities
at these two depths were not included in the calculation of mean bulk density.
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TABLE A. Particle Size Distribution and Water Retention Data for Backfill Soil. Bulk density was
1.65 g cm- 3 . Particle density was assumed to be 2.8 g cm-3 .

Particle Size Distribution
Diametr % Less Than

2000
1000

500
250
106
75
53
50.1
28.95
15.92
9.213
6.529
5.324
4.611
1.339

99.47
94.0
55.52
24.0
15.32
13.33
11.73
12.0
12.25
10.0
8.25
7.25
7.25
7.25
5.5

Maric
Potential. -cm

0
5

15
25
35
45
55
65
75
85
95

102
306

1020
3060

31180
103200
812600

1511000
2483000

Water Content,
Cm3_cm2_

0.36
0.358
0.304
0.181
0.133
0.127
0.116
0.115
0.119
0.113
0.108
0.071
0.068
0.066
0.055
0.056
0.05
0.031
0.023
0.018

Estimated
Column; mean of 2 reps

Pressure Plate; mean of 3 reps

9

"

9

"

"

TABLE A.4. Water Retention Data for Gravel. Bulk density was 1.38 g cm- 3 . Particle density-was
assumed to be 2.8 g cm-3.

MaNtric
Potential. -cm

0
0.5
1
1.5
2.5
5

10
100

1000
10000

100000
1000000
3000000

Water Content
cm3_Cm-

0.51
0.14
0.1
0.075
0.044
0.017
0.01
0.0095
0.009
0.0088
0.0083
0.007
0.004

Estimated from bulk and particle densities
Column; mean of 2 reps
Interpolated from column data at 0.5 and 1.5 cm
Column; mean of 2 reps
"a

Interpolated from column data at4.5 and 5.5 cm (not shown)
Extrapolated from column data at 8.5 cm (not shown)
Interpolated between values at 10 and 3.0E6 cm

Vapor adsorption

A.6 J.65
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TABLE A.5.

Matric
Potential. -cm

0
10

M2
306

1020
3060

12400
23600

291000
1920000

Water Retention Data for Clay (i.e., a 1:3 Bentonite/Silt Loam Mix). The bulk density was
1.45 g cm- 3. The particle density was assumed to be 2.6 g cm-3 .

Water Content,
cm3 CM-3 Method

0.442
0.442
0.442
0.442
0.44
0.31
0.258
0.188
0.101
0.028

Estimated from bulk and particle densities
Assumed value
'Pressure plate value of 0.66 exceeded porosity; reset to porosity
Pressure plate value of 0.61 exceeded porosity; reset to porosity
Pressure plate

Vapor adsorption

" (average of two samples at different potentials)

TABl. A.6. Bulk and Particle Density and Saturated Hydraulic Conductivity Data for Concrete. Sample
diameters ranged from 1.400 to 1.408 cm. Particle densities estimated from bulk densities
and calculated values of saturated water content (Table A.7). Conductivity values for
samples D, E, and F were determined in the opposite direction used for samples A, B, and C.

Sample
Length,

Samnl cm

CL40A
CL-40B
CL-40C
CL-40D
CL40E
CL-40F

Average

1.155
1.146
1.153
1.155
1.150
1.135

Sample
Volume,

cm1_

1.78
1.78
1.79
1.79
1.79

.1.77

Bulk
Density,
L'm- 

2.08
2.02
1.93
1.99
2.02
.LN0

1.99

Estimated
Particle

Density,
4Smt-

2.57
2.59
2.61
2.61
2.59

Saturated Conductivity
Total . Total Time Average
Flow, of all Tests, Test Value,
012- - h m s-_

0.25
0.25
0.25
0.50
0.50

O50

72
115
54

102
114
144

2.59

J.66

3.55E-10
2.19E-10
4.69E-10
4.97E-10
4.43E-10
3.46E-10

3.88E-10

A.7
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TABLE A.7. Water Retention Data for Concrete. Values at zero matric potential were calculated using
weights of supposedly saturated samples.

CL-40A - CL-40H CL-40C
Water

Potential,

0
2400

10300
30400
43600
55700
61600
86900
90700

105000
128400
166400
205600
885100

1164700
1468500
3077300

Water
Content,
Q03J8

0.186
0.186
0.175
0.175
0.172
0.17
0.167
0.156
0.15
0.15
0.141
0.122
0.12
0.09
0.068
0.063
0.052

r -40r)
Water

Potential,
-cm

0
3100

20000
42500
74600
92000

102300
117800
125100
135700
152900
183200
295200
885100

1164700
1468500
3077300

Water
Content,
gQW2car,

0.238
0.238
0.227
0.222
0.217
0.214
0.211
0.209
0.207
0.206
0.198
0.192
0.188
0.121
0.098
0.089
0.072

Water
Potential,

-cm

0
1900
6000

14800
22700
35100
45100
64800
84900

4.17400
161400
167300
239100
885100

1164700
1468500
3077300

Water
Potential,

-cm

0
2700

19700
35100
49100
60700
77600
92200

102500
128300
144100
161900
168100
211000
885100

1164700
1468500
3077300

Water
Content,
Q1DSm23

0.219
0.219
0.213
0.207
0.204
0.198
0.196
0.194
0.188
0.182
0.173
0.154
0.143
0.112
0.087
0.081
0.068

Water
Content,

0.221
0.221
0.205
0.197
0.189
0.187
0.182
0.18
0.177
0.175
0.173
0.163
0.159
0.155
0.109
0.079
0.079
0.067

Water
Potential,

-cm,

0
4100

55000
63100
89700

105500
112700
132600
153000
165300
176200
275700
885100

1164700
1468500
3077300

Water
Potential.

-cm

0
3100

44700
65900
71500
94100

102700
117500
132800
202600
277700
885100

1164700
1'1a80
3077300

Water
Content,

0L.2

0.26
0.26
0.249
0.247
0.245
0.24
0.239
0.237
0.232
0.229
0.225
0.213
0.152
0.111
0.115
0.098

CL-40F
Water

Content,
M3-25I

0.254
0.254
0.242
0.236
0.227
0.223
0.22
0.218
0.216
0.211
0.207
0.142
0.112
0.105
0.08.

1.67A.8
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TABLEA.8. Bulk and Particle Density and Saturated Hydraulic Conductivity Data for DSSF Grout
Samples from the 14 November 1988 Adiabatic Pilot-Scale Test. Bulk density samples
were 10 to 12 cm 3. Diameter of conductivity samples was 1.34 cm.

Maximum
Temperature
During Curing,

Sam] 'C

A26
A38
A73
B06
B33
B52
C16
C48
C82
A
B
C-

85
87
78
80
94
91
93
99
75

Bulk
Density,
JLm-_

1.07
1.09
1.06
1.15

1.09
1.12
1.11
1.10

2.92
2.95
1.64

Average 1.10

Particle
Density,
ILm

Sample
Length,

cm

Saturated
Total
Flow,
00-.

Conductivity
Total Time
of all Tests,

h

Average
Value,
Um s-

2.58

2.62

2.63
2.1
1.1
6.6

289
257
78

2.61

5.52E-9
L.IOE-8
5.22E-8

2.29E-8

J.68 A.9
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TABLE A.9. Water Retention Data for DSSF Grout (1 bar = 0.1 MPa = 1020 cm).

Sample A26
Water Water

Potential, Content.
-bars 100 (f gl)

249.4- 

275.36
290.83
293.02
316.83
333.50
344.91
375.01
393.46
393.97
455.56
459.16
472.16
504.09
709.95
749.84
758.30
882.43

1050.27
1249.67

44.

43.18
41.16
39.62
38.75
37.56
35.47
34.50
33.14
32.32
30.63
28.84
25.81
23.16
17.89
14.43
13.30
12.31
10.22
8.20

Samnie AIR
Water

Potential,
-bnrs

273.49
280.69
292.92
317.26
335.59
344.91
380.69
390.84
399.48
455.10
455.76
418.97
453.03
634.14
679.64
709.39
779.07
985.74

1251.84

Samoie B06

301.96
283.90
309.93
330.52
333.16
363.78
370.61
408.29
432.55
439.25
498.47
513.48
479.95
515.21
749.09
758.88
755.07
846.92

Water
Content,
100 (ty -l)

45.69

45.01
43.34
41.91
41.06
40.01
38.40
37.40
36.26
35.54
33.94
32.35
29.79
27.50
22.01
17.27
15.20
14.36
11.40
8.99

Samole B33

42.47
41.59
39.94
38.60
37.89
36.87
35.35
34.36
33.21
32.46
30.86
29.13
26.46
24.39
19.12
15.59
13.79
13.01

249.16
251.90
389.24
290.74
313.59
362.71
350.69
388.09
411.11
416.41
496.32
515.67
507.39
596.40
839.59
908.04
84292
926.72

Sample A73
Water Water

Potential, Content,
-bars 100 (7r g)

274.53
301.05
280.69
322.57
347.49
371.48
381.33
412.00
438.08
427.92
497.97
513.48
479.95
470.85
725.06
684.39
726.31
760.60
960.59

1151.95

45.55
44.89
43.34
41.86
41.15
40.16
38.74
37.80
36.72
36.03
34.60
32.88
26.46
28.02
22.16
18.31
16.63
15.76
12.75
10.10

Snmnle R52

41.97
41.27
38.93
37.21
36.12
34.79
32.73
31.17
29.56
28.66
26.46
24.56
21.88
19.25
14.26
11.44
10.97
10.47

247.68
264.76
299.34
299.14
318.67
333.72
343.61
386.27
394.10
399.75
464.73
463.18
416.69
472.18
679.18
749.34
754.05
877.21

44.37
43.65
41.88
40.54
39.77
38.70
37.05
36.01
34.87
34.08
32.47
30.73
28.31
25.53
19.62
15.37
14.05
12.64

J.69A.10
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TABLE A.9. (contd)

Samnle B06
Water Water

Potential, Content,
-hars 100 (r Z-1)

1024.26
1203.06

11.25
9.10

Samnle C16

Sample B33
Water Water

Potential, Content,
-bars 100 (g rl)

1081.36
1309.42

9.59
7.92

Sample C48

Samole B52
Water Water

Potential, Content,
-bars 100 (Y r1)

1027.32 11.01
1270.74 8.59

Samnle C82

42.00
41.11
39.18
37.55
36.67
35.48
33.55
32.34
31.34
30.16
28.14
26.13
23.12
20.42
15.36
11.81
11.04
10.44
9.06
7.52 -

256.01
258.10
289.14
299.24
327.36
347.84
341.73
388.22
394.37
412.55
484.18
481.52
458.79
501.60
700.11
686.89
733.57
791.77
934.32

-- 1077.55

A.1 I

296.41
273.77
287.74
284.16
317.15
337.46
350.93
377.20
378.34
394.23
459.71
458.45
474.58
559.41
731.20
848.06
839.57
938.70
1095.82
1264.66

40.24
39.57
37.79
36.25
35.42
34.27
32.54
31.36
30.08
29.28
27A0
25.74
22.98
26.65
15.44
11.69
10.71
10.24
9.03
7.64

234.90
240.36
284.45
285.95
294.73
329.01
333.27
372.16
387.44
375.90
442.62
463.97
458.48
550.41
746.47
856.03
840.99
920.41
1087.05
1288.62

44.86
44.32
42.76
41.52
40.74
39.70
38.12
37.05
35.87
35.14
33.37
31.72
29.44
26.73
21.25
17.83
16.08
14.89
12.91
10.05

J.70
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TABLE A.1 . Water Retention Parameters and Saturated Hydraulic Conductivity Data for the Sandy Sequence of
the Hanford Formation. Parameters for location 241-AP are from Smoot et al. (1989). Data for
location 88-1 are from Dames and Moore
from Connelly et al. (1992b).

_Well # or
LUcation

299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234

299-E25-234
299-E25-234
299-125-234
299-E25-234
299-25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-225-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-E25-234
299-25-234
241-AP
241-AP
241-AP
241-AP
241-AP
88-1
88-1
88-1
299- -' 38
299-E33-38
299-E33-38
MW-10
MW-10

(1988). Parameters for locations 299-E33-38 and MW are

Depth - 9, a - a
Sample m gL.SM2 Smsm-2 I/Cm

5A
5B

19A
19B
25A
25B
25C
25D
29A
29B
37A
37B
46A
46B
54A
54B
69A
69B
83A
83B
99A
99B

I1 0A
110B
117A
117B
126A
126B

IG
2
3

4G
5

TEST #1
TEST #2
TEST #3

1.5
1.5
5.8
5.8
7.6
7.6
7.6
7.6
8.8
8.8

11.3
11.3
14.0
14.0
16.5
16.5
21.0
21.0
25.3
23.2
30.2
30.2
33.5
33.5
35.7
38.7
38.4
38.4

4.8
9.1

18.3
15.1
51.0
57.1
13.7
26.2

0.4131
0.3367
0.4700
0.5026
0.4406
0.5228
0.5074
0.5193
0.4341
0.4387
0.5114
0.5304
0.4581
0.3708
0.4434
0.4543
0.3722
0.4087
0.3925
0.3712
0.3692
0.3774
0.4293
0.4201
0.4538
0.3831
0.3637
0.3747
0.2585
0.5210
0.4360
0.4086
0.4280

0.2390
0.2459
0.3714
0.4200
0.4600

0.0188
0.0336
0.0426
0.0364
0.0540
0.0345
0.0282
0.0000
0.0000
0.0000
0.0706
0.0851
0.0000
0.0000
0.0278
0.0217
0.0000
0.0000
0.0000
0.0011
0.0000
0.0000
0.0325
0.0327
0.0260
0.0012
0.0000
0.0000
0.0200
0.0958
0.0552
0.0377
0.0133

0.0000
0.0000
0.0018
0.0223
0.0253

0.1479
0.0211
0.1165
0.2728
0.0473
0.0519
0.0292
0.1944
0.2722
0.1034
0.0774
0.0894
0.2923
0.0613
0.1205
0.1450
0.3359
0.3553
0.3198
0.1230
0.7424
0.4371
0.1964
0.1991
0.1114
0.0230
1.9541
0.8990
0.1008
0.0309
0.0494
0.0666
0.0118

1.4263
0.4612
0.0513
0.0640
0.0462

K,
n cm s-1

1.3090
1.5364
1.4816
1.5327
2.0595
1.3424
1.3517
1.3494
1.1927
1.2240
1.2924
1.3353
1.3658
1.4343
1.4776
1.4421
1.2658
1.4411
1.3117
1.3815
1.2557
1.2961
1.8193
1.8015
1.6538
1.5239
1.2634
1.3152
2.9224
3.1071
3.2863
2.6751
1.3945

1.2658
1.2507
1.5057
1.6950
1.9281

5.73E-4

8.88E-4

1.80E-3

2.41E-5

5.77E-4

2.99E-4

1.38E-5

1.21E-3

1.78E-4

2.24E4

2.82E-4

3.63E-3

1.98E-3

1.24E-3
5.97E-4
8.10E-4
1.87E-3
4.94E-5
3.01E-2
5.97E-3
5.20E-.3
5.70E-5
5.00E-4
7.10E-5
5.3 1E-3
1.97E-2

A.12 J.71
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TABLE A.1. (contd)

Well # or
Location Sample

MW-10
MW-10
MW-10
MW-10
MW-10
MW-10
MW-10
MW-10
MW-5
MW-5
MW-5
MW-5
MW-5
MW-5
MW-5
MW-5
MW-5
MW-8
MW-8

Depth

32.0
38.1
50.3
59.4
62.5
74.7
80.8
86.9
15.2
21.3
27.4
39.6
51.8
57.9
64.0
70.1
82.3
44.2
56.5

Number of Samples
. Minimum

Maximum
Mean
Varance
Geom. Mean

8, 0, a
23m-s3 mL3-s3 i1/m

0.3900
0.4400
0.4600
0.3300
0.3600
0.4400
0.4200
0.4700
0.4400
0.4400
0.4400
0.4700
0.4400
0.4300
0.4300
0.4400
0.4400
0.4200
0.4000

57-
0.2390
0.5304
0.4203
3.86E-3
0.4152

0.0271
0.0214
0.0308
0.0487
0.0214
0.0179
0.0169
0.0168
0.0293
0.0485
0.0218
0.0311
0.0281
0.0242
0.0302
0.0243
0.0000
0.0335
0.0367

57
0.0000
0.0960:
0.0234
4.63E-4

0.0460
0.0441
0.0351
0.0267
0.0760
0.0630
0.0386
0.0512
0.0810
0.0144
0.0605
0.0184
0.0278
0.0427
0.1533
0.0427
0.1109
0.0186
0.0764

57-
0.0118
1.9541
0.1943
0.1142
0.0918

K,
n cm s-

1.6380
1.7647
2.3036
2.3731
1.6255
1.7787
2.1470
2.0848
1.9709
5.4201
2.4414
3.3059
2.7143
3.0699
2.0330
3.1603
1.3428
2.1503
2.0668

5.7
1.1927
5.4201
1.8680
0.5866
1.7562

1.73E-3
4.39E-3
6.63E-3
2.65E-3
6.63E-3
7.39E-3
2.65E-3
3.54E-3
3.53E-2
1.57E-3
2.16E-3
4.42E-2
3.81E-3
5.78E-3
5.42E-3
5.31E-3
5.54E-4
8.86E-4
7.19E-3

45
1.38E-5
4.42E-2
5.48E-3
8.90E-5
1.55E-3

A.13J.72
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TABLE A I.I. Water Retention Parameters and Saturated Hydraulic Conductivity Data for the Upper and Lower
Gravel Units of the Hanford Formation. All parameters, except those for Well No. 299-E25-234,
are from Connelly et aL (1992b).

Well # or
Location

299-E25-234
299-E25-234
299-233-38
299-E33-38
299-E33-38
299-E33-40
216-B-61A
216-B-61A
216-B-61A
216-B-61A
6-43-41H
6-42-41B
MW-8
MW-10

Sample
ID

133A
133B

Number of Samples
Minimum

Mean
Variance
Geom. Mean

m 3QM3 3_:M- I/cm n cms

TABLEA.12. Water Retention Parameters and Saturated Hydraulic Conductivity Data for the Ringold Formation
(undifferentiated). Parameters are from Connelly et al. (1992b).

Well # or Sample
Location ID

6-42-41B
699-40-408
699-43-41G
699-43-40
MW-5

Number of Samples
Minimum
Maximum
Mean
Variance
Geom. Mean

m gjQm3 M2_M3 J1/Cm n

A.14

Depth 0, (I K,

40.5
40.5

1.9
57.9
62.3
14.0
4.1
5.8
7.0
8.8

16.6
25.8
4.6

93.0

0.2732
0.2669
0.5256
0.4187
0.2905
0.3021
0.3465
0.3253
0.3430
0.2801
0.4510
0.3550
0.4400
0.4000

14
0.2669
0.5256
0.3584
6.12E-3
0.3509

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0352
0.0488
0.0000
0.0201
0.1041
0.0301
0.0390
0.0205

14
0.0000
0.1041
0.0213
8.75E4

0.0182
0.0321
0.0081
0.0027
0.0101
0.1028
0.0061
0.0060
0.0134
0.0609
0.0165
0.0426
0.0440
0.0427

T4
0.0027
0.1028
0.0290
7.79E-4
0.0184

1.3095
1.2590
1.7389
1.5688
1.3652
1.2734
1.5248
1.5120
1.2816
1.2811
1.7894
1.3900
3.0387
2.2500

14
1.2590
3.0390
1.6130
0.2348
1.5600

2.76E-5

2.00E-5
2.10E-6
4.20E-3
6.00E-4
1.80E-3
2.80E-3
4.00E-4

. 1.80E-5
1.10E-5
5.40E-3
1.70E-3
4.42E-3

13
2.10E-6
5.40E-3
1.65E-3
3.80E-6
2.73E-4

Depth 0, or a .

36.1
38.3
50.8
39.9
91.4

K,

0.5730
0.5680
0.5710
0.3790
0.4000

5
0.3790
0.5730
0.4982
9.90E-3
0.4897

0.0083
0.0000
0.0941
0.0387
0.0000

5
0.0000
0.0940
0.0283
1.61E-3

0.0132
0.0051
0.0150
0.0089
0.0456

5
0.0051
0.0456
0.0176
2.61E-4
0.0-133

1.2586
1.1732
1.4173
1.4739
1.3661

5
1.1732
1.4739
1.3378
1.48E-2
1.3333

3.OOE-8
I.00E-8
1.90E-6
1.90E-4
7.66E-4

5
1.00E-8
7.66E-4
1.92E-4
1.10E-7
24A E

J.73
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TABLEA.13. Water Retention Parameters and Saturated Hydraulic Conductivity Data for Concrete

Sample 0, 0, a K,

ID tl21S2I-3 Om3-32 I/cm n cm/s

CL-40A 0.1857 0.0000 1.220E-5 1.3567 3.55E-1
CL-40B 0.2146 0.0000 9.862E-6 1.3409 2.19E-lI
CL-40C 0.2593 0.0000 3.826E-6 1.4412 4.69E-1
CL-40D 0.2322 0.0000 4.365E-5 1.4726 4.97E-1
CL-40E 0.2150 0.0000 1.074E-5 1.3396 4.43E-1
CL-40F 0.2480 0.0000 4.669E-6 1.4054 3.46E-1

Number of Samples
Minimum
Maximum
Mean
Variance
Geom. Mean

6
0.1857
0.2593
0.2258
7.012E-4
0.2245

6 6
3.826E-6
1.220E-5
7.610E-6
1.389E-11
6.822E-6

6
1.3396
1.4726
1.3927
3.14E-11
1.3918

0
0
0
0
0
0

6
2.19E-10
4.97E-10
3.88E-10
1.06E-20
3.75E-10

TABLiE A.14. Water Retention Parameters and Saturated Hydraulic Conductivity Data for DSSF Grout

Sample 6, 6, a K,

GRTA26
GRTA38
GRTA73
GRTB06
GRTB33
GRTB52
GRTC16
GRT..C48
GRTC82

Number of Samples
Minimum
Maximum
'Mear'
Vanance
Geom. Mean

m02SM^3

0.5853
0.5775
0.5891
0.5611
0.5725
0.5840
0.5741
0.5779
0.5817

9
0.5611
0.5891
0.5781
6.96E-5
0.5781

=2m:

0.0000'
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

9

1/cm

1.503E-5
9.165E-6
8.804E-6
6.959E-6
1.190E-5
1.141E-5
T.574E-5
8.946E-6
8.970E-6

9
6.959E-6
1.574E-5
1.077E-5
9.008E-12
1.042E-5

n-

1.5679
1.6957
1.6690
1.7719
1.6304
1.6227
1.5740
1.6585
1.6565

9
1.5679
1.7719
1.6496
3.884E-3
1.6486

cm/s

5.52E-9

1.10E-8

5.22E-8

3
5.52E-9
5.22E-8
2.29E-8
6.61E-16
1.47E-8

A.15J. 74
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SUMMARY

Containment structures for grouted wastes produced at the Hanford

site incorporate an asphalt/aggregate barrier that surrounds the primary

vault of reinforced concrete. The purpose of the asphalt/aggregate

barrier is to retard the release of contaminants to the environment, as

modeled in performance assessment activities, to acceptably low levels.

Tests to determine diffusion rates of ionic contaminants were begun in

FY91 and continued in FY92. The continuing experiments were American

Nuclear Society (ANS) 16.1 leach tests of asphalt/aggregate composite

samples spiked with radionuclides and diffusion analyses of contaminants

into asphalt coupons immersed in contaminant spiked solutions. From

these tests the diffusion of organic complexed cobalt (60Co2+-EDTA),

cesium (137Cs+). iodide (1251-), nitrate (N0), and pertechnetate

(99TcO4) were assessed.

Leach tests have yielded effective diffusivities below the

baseline value of 1 x 10-10 cm2 /sec used in performance assessment (PA)

calculations. Bulk diffusivities for N0 and 99Tc04 . adjusted to a

consistent basis for PA calculations, yield diffusivities that are

approximately 60% of the PA baseline value for N0 andiapproximately 25%

of the baseline value for 99TcO4. The other bulk diffusivities are well

below the PA baseline value. However, by drying the contaminants onto

the aggregate before coating with asphalt it is possible that results

are biased low by allowing adsorption on the aggregate to retard release

of some contaminants.

Immersion tests on asphalt alone (no aggregate in sample) have

yielded diffusion coefficients that are well below the PA calculation

baseline. These tests involved determining contaminant concentrations

in microtomed slices taken from asphalt "coupons* exposed on one surface
to contaminant-spiked solutions to yield a concentration profile. These

concentrations were then transformed using the "probit" technique to

calculate the diffusivities of the contaminants.

Other activities included the development and fabrication of

asphalt/aggregate composite membranes and the manufacture of fourteen

half-cell diffusion test assemblies from an improved design. These
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half-cells will be used in FY93 to perform further diffusion

measurements. The half-cell tests are important because 1) the half-
cell membranes are made without incorporated contaminants. 2) the
membranes are fabricated using methods representative of those used in
construction of the asphalt/aggregate barrier. 3) the membranes
incorporate all materials used in the actual barrier, and 4) the half-
cells simulate the two diffusion interfaces of the grout disposal
system, namely. the vault-asphalt interface-and the-asphalt-vadns

sediment pore water interface.
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At Hanford, the disposal system for grout-solidified tank wastes

includes an engineered barrier constructed of an asphalt/aggregate mix

measuring approximately one meter thick that surrounds the entire

concrete grout containment vault and the vault's leachate collection

system. The purpose of this asphalt/aggregate barrier is to greatly

impede the diffusion of water-soluble contaminants by interposing a

hydrophobic material that breaks contact between dissolved contaminants

in the waste form and the surrounding soil and soil pore water. The

DSSF grout performance assessment (PA) calculations show that the values

chosen for contaminant diffusion through the diffusion barrier are key

to determining whether the proposed grout disposal system will minimize

long-term risks to acceptable levels.

The values for the diffusion coefficients chosen in PA

calculations were gleaned from generic literature. Diffusion of water

solutes through asphalt/aggregate are expected to be very small (e.g..
De values <10-10 cm2 /s) such that classical methods to determine

diffusion coefficients would require testing activities to span several

years. For example. Daiev and Vassilev (1985) found 90Sr diffision

coefficients through pure bitumen to be 1.5 to 3.3 x 10-12 cm2 /s in

tests that took 6 to 12 years to yield data. The penetration depth of
90Sr was only 0.06 cm and 0.09 cm after 6 and 12 years, respectively.

The purpose of tests conducted in FY9I-92 were to determine

effective diffusion coefficients for representative contaminants found

in DSSF grout through asphalt and the asphalt/aggregate mix used to

construct the diffusion barrier. The tests conducted provide Hanford-

Site specific data that will verify whether values chosen in the PA

calculations are appropriately conservative. That is. our tests

experimentally addressed whether the effective diffusion coefficients of
contaminants through solid asphalt and asphalt/aggregate mix are less

than 1 x 1010 cm2 /s. Because each contaminant could have a distinctly

different effective diffusion coefficient, we have studied several

important contaminants. The experimental methods being used include the
ANS 16.1 leach method, an immersion method and a half-cell method.
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METHODS

I FACH TFST MFTHODS

Selection of radionuclides and ionic species for use in evaluating

diffusivity through asphalt were driven by the chemical composition of
the waste, a knowledge of which chemical species are most problematic in

performance assessment calculations, and also because of practical

considerations of experimental detection. Nitrate. 99TcO4. and 1291-

are mobile contaminants within 0SSF grout that constitute significant

dose and contamination hazards in PA calculations. 1251- was

substituted for 1291- because it is a more convenient isotope to use in

testing. 137Cs+ was chosen to represent other water-soluble

contaminants that readily diffuse through both grout and concrete.
137Cs+ is also an ideal tracer because it has a long half-life and, as a

strong gamma emitter, is easily detectable. Cobalt-60 was used because

it forms a strong organic complex with chelators such as EDTA. The

behavior of 60Co-EDTA complex should make clear if diffusion is enhanced

by organic chelation through increased chelated-contaminant solubility

in asphalt.

Table 1 shows the contaminants incorporated into the

asphalt/aggregate leach test samples. The samples used in these leach

tests consisted of cylinders made from asphalt/aggregate into which the

contaminants had be'en incorporated using the following technique.

Contaminants were dried onto the aggregate along with the hydrated lime

that is used to enhance the adhesion of asphalt to the aggregate. The

contaminant-spiked aggregate was then heated to barrier construction

specifications, mixed with molten asphalt, and compacted into

cylindrical molds to a void content of less than 4 volt. Before

starting. duplicate samples of asphalt/aggregate (samples 1 through 8 in

Table 1) were "cured' in their mo.us at room temperature or at 90 0C for
several days. To address precision, triplicate samples 9 through 11

were cured at room temperature.
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TABLE 1. Leach Test Sample Contaminants

Sample
1, 2, 3, 4

5. 6. 7, 8

9. 10, 11

12, 13. 14

Contaminants

N03 and 1251-

N03 and 99Tc04
137 Cs+ and 60Co2+-EDTA

none

Eleven asphalt/aggregate specimens (4.0-cm diameter by 5.1 to 5.7-

cm long) are being tested at room temperature. The leach tests employ

the-ANS 16.1 leaching procedure in which solids of known geometric

surface area are immersed in a known quantity of leachate. The samples

are periodically immersed in fresh leachant. and the previous leachate

is analyzed for concentration of the contaminants. The leachate change

is made to ensure that the concentration gradient driving diffusion is

as large as practicable. Use of this method also assumes that the
asphalt does not react significantly with the leachant. the surface area
a'vailable for leaching does not change. and that contaminants are not
released from the sample by any other time-dependent mechanisms.

Meeting these assumptions permits the use of the following equation to
calculate a diffusion coefficient (Godbee et al. 1980):

Ie (7-nfr 2Wt (1I)

where De - bulk diffusivity (cm2/s)

an - amount of contaminant released in the nth water exchange
(radionuclide decay corrected to activity at test start)

AO - initial inventory of contaminant in sample

V - geometric volume of sample (cm3 )

S - geometric surface area of sample (cm2 )

t - total time of leaching (s).
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IMMERSTON TEST METHODS

The immersion method employed "coupons" of asphalt contained

within Teflon polytetrafluoroethylene (PTFE) molds. A total of 34

samples were prepared and were immersed in one of two 4 M NaNO 3
solutions. One solution was spiked with 137Cs*. and the other with
99TcO4. The coupons are approximately 1.3-cm thick x 3.2-cm square.
Because asphalt was exposed to the immersion fluid on only one surface.
the contaminants could diffuse into the sample in one direction only.

Surface PTFE exposed to the immersion solution was removed to
approximately half of its 1/8 in. thickness before microtoming asphalt
coupons to measure diffusion. PTFE immediately under the exposed
surface was assayed for radionuclide activity to ensure that it. had
served as a barrier to diffusion of contaminants as intended. No net

-measurable-activity was-detected-below the surface-contaminated slices
of the PTFE coupon molds implying that there was no detectable diffusion

of contaminants through the PTFE into the.asphalt.

Following 263 days of immersion. two' coupon samples were removed
from each of the immersion baths and rinsed with deionized water. The

asphalt coupons were then carefully sectioned using a microtome-set to

cut a nominal thickness of 20 pnm. Any remaining PTFE was pulled from

the coupon before the sections were placed into separate tared vials for
radionuclide assay or further treatment. such as extraction or

dissolution.

Each of the thin sections thus obtained were analyzed for

concentration of the contaminant. 13 7Cs was analyzed by direct gamma

counting. Asphalt slices from the same nominal depths of two coupons

were composited to increase the activity for improved counting.

Nitrate concentrations were obtained from the microtomed asphalt

slices following 13 7Cs assay by extraction using water vaprr. as

follows. _A-small aliquot of deionized water was-addedto the vials
which were then tightly capped and placed in a constant-temperature oven

operating at 750C. After two weeks the vials were cooled and the

resulting solutions were analyzed for N03 using Eon Chromatography (IC).
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Concentrations of 99Tc were determined by scintillation counting.

Microtomed slices from asphalt coupons, immersed in a 200 gCi/L 99Tc 4 M

NaNO 3 solution, were weighed before being dissolved in aliquots of

scintillation cocktail. The scintillation cocktail completely dissolved

the asphalt but the solutions were opaque. Aliquots of the resulting

opaque solutions were then diluted with more scintillation cocktail to
give solutions of equal asphalt concentration so that the reduction in
counting efficiency (in this case, light transmission) would be the same

for each sample.

The effective diffusion coefficients were determined using probit

methods (a mathematical reduction scheme) described in Phillips and

Brown (1964), and Brown et al. (1968, 1969). Using the analytical data.

the ratios of contaminant concentration, present in each of the asphalt
thin sections. over the initial concentration driving diffusion into the
coupon, were calculated (C/CO). These normalized concentration values

were then transformed into probits by interpolating corresponding values
from a tabl-e in Prohit Analysis (Finney. 1971). The mathematical

manipulations require plotting the probit of normalized concentration,
C/Co. at a given sampling time, versus distance from the interface. A.

least squares linear regression was performed on the va.lues of probit
number versus median distance from the surface. The diffusion

coefficient (D) is related to the square of the slope by the following
formula:

V - , cm2/s (2)

where m is the slope of the regression line and t is the total time of
diffusion (exposure) in seconds.

Use of this mathematical approach assumes that the concentration
of the diffusing substance remains constant at the interface (asphalt
surface-solution boundary) and that the asphalt specimen's dimensions
are semi-infinite (much larger than the distance of penetration of
diffusing substances). Data have indicated that both assumptions are
valid for these tests.

K.8 7



WHC-SD-WM-EE-004. Rev. 0

The technique for these probit tests was based on diffusion from a

uniformly contaminated soil sample in contact with an uncontaminated

soil sample. After a suitable period, the soil diffusion test produces

data distributed in a normal sigmoid curve with its center at the

interface between the two soil samples. The test is intended to be
semi-infinite in both directions from the interface, consequently, a) on
the contaminated sample side, contaminant concentrations increase to the
CO concentration with increasing distance from the interface (depleting
.contaminant source). b) on the initially uncontaminated side,

contaminant concentrations decrease to zero with increasing distance
from the interface, and c) contaminant concentration at the interface

will equal 50% of the Co. In our coupon tests diffusion is semi-

infinite in only one direction-so we must-adjust our data analysis

scheme as follows.

When applied to the immersion of asphalt coupons immersed in a
contaminant-doped fluid, the diffusion conditions are approximated by a
constant (non-depleting) contaminant source diffusing into a semi-

infinite volume of asphalt. The concentration profile developed with
these boundary conditions is one-half the normal sigmoid curve. To
apply the probit transformation to the data generated in the asphalt

test, the contaminant concentrations are converted to percents

(normalized) using C where Co - CO x 2. C0 represents the initial

concentration that would have been needed to develop the concentration

profile from a test set up with boundary conditions of the soil

diffusion test that produces conditions (b) and (c) above. After

conversion or the data from microtomed slices to probits using Co. the

diffusivity is then calculated as described in equation 2.
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RFSULTS

FACH TFST RESULTS

Leach tests of radioactively spiked asphalt/aggregate samples have

been underway since late April 1991. The latest leachant change-out

occurred at an elapsed time of 330 days. Data from leachate analysis

for these samples are presented in Table 2.

The data in Table 2 clearly show that different contaminants are

released from the asphalt/aggregate samples at different rates, with
N0 and 99TcO4 leaching fastest and 137 Cs slowest. Those samples that

were cured for several days at 909C leach at a slower rate than those
that were cured at room temperature. It is likely that hot curing

produced a better surface film of asphalt around the aggregate, and

therefore, produced a sample that released its contaminants more slowly.

The incremental leach rates have dropped since the start of the leach

test. which may have been the result of an initial release of

contaminants through small surface imperfections in the sample. At

later intervals the leach rates dropped because contaminant sources near

these imperfections had become relatively depleted.

The bulk diffusion coefficients calculated from the laboratory

tests assume that the entire volume of the specimen can promote

diffusion. However, the PA conceptual model and computer codes assume

that diffusion occurs only in the asphalt pbiase-that is. the aggregate

and any air voids cannot support diffusion. To get the same flux of

contaminants through the asphalt/aggregate barrier, as measured in the
ANS 16.1 leach tests. the leach test-derived values are multiplied by

the fractional volume of diffusion-supporting asphalt. Diffusivities

are first calculated using a contaminant-concentration driving force

defined in the entire asphalt/aggregate mix, this is then adjusted to a
driving force based on concentrations that would be found in the asphalt

phase- -This-places the diffusivities on a consistent basis. For this
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Bulk Effective Diffusion Coefficients (cm2 /s) for
Contaminants of Asphalt-Coated Aggregate Samples from
ANS 16.1 Leach Tests

r..C__

200C

900C

200C

e (incremental)
(2?4-110 davxn

8.1 ± 5.1 x 10-12

3.2 ± 0.7 x 10-12

3.6 ± 0.6 x 10-11

906C 4.9 ± 0.1 x 10-11

137Cs+

60Co2+- EDTA

NO3(c)

20*C

20*C

20*C

< 3 x 10-14

1.2 ± 0.3 x 10-11

1.5 ± 0.2 x 10-10

900C 1.8 ± 0.1 x 10-10

(a) ;- incremental period 56-98 days. cum
(b) values are adjusted by 0.162 (explain
(c) nitrate values are an average of two

De (cumulative)
(through 330 days)

2.8 ± 1.0 x 10-11

1.4 ± 0.4 x 10-11

1.4 ± 0.2 x 10-10

2.3 ±0.2 x 10-11(b)

1.2 ± 0.1 x 10-10

1.9 ±0.2 x 10-11(b)

< 5 x 10-14

8.3 ± 0.9 x 10-12

3.5 ± 0.2 x 10-10

5.7 ± 0.2 x 10-11(b)

2.7 ± 0.1 x 10-10

4.4 ±0.1 x 10-11(b)

ulative period 98 days
ed in text)
samples

barrier, the modelers take the test-derived values and multiply by

0.162. the volume fraction of asphalt in the mix 1 . This adjustment

means that a reported diffusivity value (Table 2) above 6.17 x 10-10

cm2/s (1 x 10-10/0.162) would require that PA base conditions be
reevaluated. Currently, the highest cumulative diffusion coefficient

for N0 is approximately 60% of this value, and the values for 99Tc0
are approximately 25% of this value.

The effective diffusion coefficient for I' is approximately ten
times 'er than that for Tc0. Past studies have demonstrated little

This has the simultaneous effect of requiring placement of all of the
contaminant in the smaller asphalt volume (capable of promoting
diffusion) so that contaminant concentrations at the vault/diffusion
barrier interface would be 6.25 (1/0.16) times as large as the values
in the the bulk homogeneous sample as employed in the leach test.

10 K.11
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tendency for either Tc04 or I to adsorb onto Hanford sediments (in this

case, local aggregate). Because adsorption of P on the aggregate is

unlikely it is unclear what is causing the difference in diffusivities.

General literature on iodide does suggest that organic rich sediments

can bind iodine strongly. Researchers speculate that iodide (I) gets

converted to iodine (12) in the presence of organic matter. The iodine

is then bound strongly. Asphalt, being predominately organic, might be

converting iodide to iodine.

The 60CO-EDTA complex and 137Cs are retained quite well compared

to 99TcO4 and N03. It is concluded that EDTA-complexed contaminants are

not mobilized in asphalt to an extent that would cause concern. It is

believed that 137Cs retention is most likely a result of adsorption on
the aggregate. Cesium release may have been greater if the contaminant

had been incorporated in the sample when coating aggregate with asphalt.
Despite the fact that the asphalt/aggregate specimens are showing signs

of surface changes in the de-ionized water leachant solution there is no
indication-of an increase in the release of contaminants.

The leachates from these leach tests can be easily monitored for
60 Co-EDTA. 137 Cs. N03, and 99TcO4 with minimal resources on a yearly
basis. Therefore. these experiments should be monitored for the
duration of the research effort on ionic diffusion through asphalt to
observe if the phenomena described above continue.
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IMMERSION TEST RESULTS

The following figures depict data from the immersion of asphalt
coupons. In each figure the filled symbols represent values obtained by
using a C0 based on contaminant concentrations from the first slices
microtomed from the asphalt coupons. The empty symbols represent values
based on a Co using the contaminant concentrations of the immersion
solutions. In addition, a least-squares line was fit to each of the
data sets. The data and the line fits are discussed below.

Probit plots for 137 Cs+ (Figure 1) and N0 (Figure 2) were

calculated for asphalt coupons removed from a 100 pCi/L 137Cs-doped
fl NaN03 immersion bath following 263 days of exposure.

6-

5- A

C - 1s slice, case I1

4

0
.2
C
=

a.

3-

2-

1-

4.0

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

_Thptf (midpoint), cm

FT£UR2F . 137 Cs Probit from Asphalt Coupon Immersion Test
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6 -

5-

4-

U

=
.0
0
0.

0

Co - 1 sfice, case 11

0 0

S o Co- soluion, case 4

0 - 0.005 0.01 0.015 0.02 0.025

Depth (midunint), cm

GlURE_2. ___N0 3 Probit from Asphalt Coupon Immersion Test

Technetium probit data (Figure 3) were determined by scintillation

counting of dissolved asphalt slices from coupons immersed in a 4 M

NaNO 3 solution containing 200 gCi/L 99Tc0 . -Initially opaque solutions

were diluted so that the concentration of asphalt in each vial was

identical. In this way reduction of counting efficiency (in this case.

light transmission) would be the same for.each sample. The intermediate

preparatory steps. required to perform these radioassays. resulted in

the increased scatter in the probit plot.

Interpretation of the data shown in Figures 1 through 3 requires a

knowledge of the solubility of the contaminant in asphalt. Because the

solubility data were unavailable when these experiments were begun. the

data were evaluated using the following two cases; each making different

assumptions about the solubility of the contaminants.

K.14
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I

5-

4-

3-

2-

1-

0 0.01 0.02 0.03 0.04 0.05 0.06

Depth (midpoint), cm

FTMirRF i. 99Tc04 Probit from Asphalt Coupon Immersion Test

Case I: Initial concentration (CO) of the contaminant, driving

diffusion into the asphalt coupon, eguals the concentration of the

contaminant in the immersion solution. This case assumes that the

contaminant is readily soluble in asphalt, at least at the

concentrations present in solutions. (In these experiments this

possibility is only likely for radionuclides. not nitrate, because the

radionuclides are present in very small quantities). When this case is

applied to the immersion test data the resulting normalized

concentrations are relatively small beci40e the C0 chosen is large and

the contaminant concentrations in the slices do not apI -ich the Co
value.

Case II: The solubility and thus the C of the contaminant in the

first slice from the asphalt coupon approximately equals the

concentration found in that first slice. Alternately, contaminant

K.15
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solubility in the asphalt has reached equilibrium at the concentration
present in the first slice, and it is this concentration. in this layer

of asphalt, that is driving diffusion into the bulk of the asphalt
sample. This concentration represents a solubility significantly lower

than the contaminant concentration in the immersion solution. A linear
regression of the data yields a relatively larger slope (more negative).
A larger slope yields a smaller effective diffusion coefficient for the
contaminant. This is because a steeper slope indicates a relatively
rapid decrease in concentration between slices from the coupon.
therefore, diffusion of contaminant into the sample is proceeding
slowly. Compared to linear regressions of case II probit values, case I
probits yield smaller slopes and thereby yield greater diffusivities
because contaminant concentrations do not fall off as rapidly. Table 3
shows the diffusivities calculated for cases I and II. These
diffusivities are well below the maximum diffusivity of 1 x 10-10 cm2/s
used in current baseline performance assessment calculations.

There are 13 asphalt coupons remaining in the 99TcO 4 -doped
immersion bath and 6 asphalt coupons remaining in the 137Cs+-doped
immersion bath. These immersion tests require minimal attention and can
be continued through FY95 with a small investment of resources to remove
a pair of samples from each of the two baths for microtoming and
radioassay. Examination of these samples each fiscal year will improve
precision of the contaminant-specific diffusivities because the
concentration profiles will develop further-into the sample improving
the accuracy of the probit transformation.

TARIF 3. Effective Diffusion Coefficients. 263-day Exposure (cm2/s)

Case I Case II
Based on Based on Conc.

Contaminant Solution Con . in First Slice

137Cs* 1.7 x 10-12 6.1 x 10-13

N03  4.7 x 10-12 5.1 x 10-13
99Tc04 4.2 x 10-11 1.5 x 10-11

K. 16 15
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ASPHALT/AGGREGATE "MEMBRANE" DEVELOPMENT

The diffusivities calculated from the ANS 16.1 leach tests may be

problematic insofar as the contaminants were incorporated into the
sample by drying them onto the aggregate with the lime coating. If this
method of contaminant incorporation is responsible for the retention of
contaminants, then the diffusivities calculated are too low. This

implies that the samples may not reasonably represent the behavior of
the actual diffusion barrier. The results may also be problematic
because the leach rates have been declining with time. This decrease is
perhaps partly attributable to the initial release of contaminants from

contaminant sources near defects in the surface of the specimens that
have been depleted as the experiment progresses. This implies that an

important-criterium -for assessing-the -validity of the method has not
been met, namely "release of contaminants by other time-dependent

mechanism does not occur".

The diffusivities calculated from immersion tests of asphalt-only
coupons may be problematic in that they do not incorporate aggregate and

because they only simulate one interface present in the waste disposal

system. Because the co'ntaminant diffuses only into asphalt and not back

out an important component in the behavior of the system may be lacking.

This is important because certain contaminants, such as 99Tc04 and

organic-complexed contaminants may actually concentrate in the asphalt

and thereby not diffuse as rapidly from the system.

--Half-ce-- diffusion-tests-do-not-share these same problematic

aspects. Contaminants will not be incorporated into the membrane so

artifacts of sample preparation will not be important. In addition the

half-cell membranes do incorporate aggregate and are fabricated using

techniques that simulate the field construction methods. Most
importantly half-cell test assemblies simulate the two diffusion
interfaces of the waste disposal system, namely the waste form-asphalt

interface and the asphalt-vadose sediment pore water interface.

Half-cell diffusion experiments, conducted in FY91, employed a

0.05 cm thick asphalt-only membrane as a partition between the two half
cells. These membranes proved inadequate and failed before definitive

16 K.17
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data could be obtained. In FY93. membranes will be composed of asphalt

mixed with aggregate compacted to a void content of less than 4 vol%.

Because of time constraints, the membrane must be sufficiently thin to
allow detection of contaminant diffusion within months. However, the
membrane must also be sufficiently thick, and incorporate all materials
designed into the barrier. so that the test articles are reasonably

representative of the diffusion barrier. The compromise reached for the
tests planned for FY93 incorporate aggregate from which the two largest
size fractions have been removed. The maximum nominal size aggregate

passed a U.S. Standard No. 4 sieve (4.75 mm) and equals 1/2 or less of
the nominal membrane thickness of 1.5 to 2.0 cm. Using this size
fraction as a maximum resulted in removing 30 wt% of the specified
aggregate mix (WHC construction specification B-714-C2. rev. 1).

New weight percents of asphalt and lime were calculated based on
the increased surface area resulting from the elimination of the larger
aggregate particles. Aggregate was obtained from the construction

contractor and separated by sieving into the specified size fractions.
These size fractions were further separated into si-ze fractions required
by the Asphalt Institute's (1989) Hveem method for laboratory design of
pavement. mixtures. The Hveem method uses an aggregate surface area
calculation to provide a recommended starting point for optimizing
asphalt content in a paving mix. Surface area is calculated by summing
the weight fraction of all the individual aggregate size ranges
multiplied by their associated surface area,.factors. The method was
used to calculate the change in surface area caused by eliminating the
larger particle sizes from the half-cell membrane asphalt/aggregate mix.
This nominal change was then used to calculate increased vol% asphalt
and increased wt% lime by multiplying construction specification asphalt
and lime contents by the same nominal change. The asphalt and lime-
coated aggregate were heated to the temperatures specified in the
construction specification, mixed, and compacted into 4 in. lengths of
stainless steel pipe using ASTM (1990) procedures. All compacted
samples had less than three percent air voids (diffusion barrier
specification stipulates less than four percent air voids).

K.18 17
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Test membranes, developed and fabricated in FY92. include a small

band of the stainless steel mold into which the asphalt mix was

compacted. This metal ring provides a non-deformable seal between the

asphalt-aggregate membrane and the half-cell apparatus. Compacted

asphalt/aggregate samples were sectioned into membranes approximately

1.5 to 2.0 cm thick using an abrasive cutting saw with water coolant.

The membranes were then ground flat and parallel using a water-cooled

surface grinder. In FY93 bubble leak tests will be conducted on the

membranes to detect any gross surface-connected porosity. A composite

membrane may incorporate surface-connected porosity due to void content

and/or aggregate particles that are incompletely coated with asphalt.

After leak testing, the aggregate exposed during sawing will be dried

and the surfaces of the membranes sealed with a s0.05-mm thick coating

of asphalt.

The design for the half-cell apparatus was modified to incorporate

the membrane with the stainless steel outer ring described above.

Rubber (EPOM) 0-rings provide the seal between the membrane and the half

cells. In addition, an expanded stainless steel support has been added

to restrict "cold-flow" sagging of the membrane and permit testing of

the membrane at 550C.

It is anticipated that several months will pass before

breakthrough of contaminants can be detected in the *cold* (non-

radiotraced) reservoir because contaminants must diffuse through the

entire uncontaminated membrane. When buildup of the contaminant has

been reliably detected and assayed, the solution in the cold reservoir

will be entirely emptied and fresh solution will be added. Buildup of

the contaminant must be kept to a minimum because of the assumption of

an unchanging concentration-derived driving force in the mathematical

model used to calculate the diffusivities (Crank, 1975). Elapsed time

for subsequent analyses will be shorter because the membrane will have

been 'charged" with contaminant. The elapsed time between breakthrough.

when the cold solution is replaced, and the time when the contaminant

has again built up to a reliably detectable concentration, will yield

the data necessary to calculate diffusivities.

18 K.19
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CONCLIISIONS

Leach tests of asphalt aggregate samples continue to yield bulk

effective diffusivities below the maximum diffusivity (1 x 10-10 cm2 /s)

assumed in PA baseline calculations (Table 2). Even though the

cumulative diffusivities for NO3 , and 99TcO4 exceed 1 x 10-10 cm2 /s. the

PA conceptual model multiplies bulk diffusivities by 0.162 to make the

values consistent with a driving force confined to the asphalt phase.

Using this factor the diffusivity values for N0 are approximately 60%

of the adjusted maximum and 99Tc04 diffusivity values are approximately

25% of the adjusted maximum.

Other diffusivities calculated from ANS 16.1 leach tests were well

below PA baseline values. In addition, it has been observed that the

effective diffusion coefficient for I- is approximately ten times lower

than that for Tc04 . Past studies have demonstrated little tendency for

either Tc04 or I- to- adsorb onto Hanford sediments (in this case, local

aggregate). Because adsorption on the aggregate is unlikely it is.

therefore, unclear what is causing the difference in diffusivities. An

observation from technical soils literature that organic rich sediments

can convert iodide (I') to iodine (12) that is then strongly bound to

the soil. may be occurring because asphalt is an organic material.

The 60Co2+-EOTA complex and 13 7 Cs+ are retained quite well

compared to 99Tc0 and NO3 . It is al.so concluded that EDTA-complexed

contaminants are not mobilized in asphalt to an extent that would cause

concern. It is believed that 137 Cs retention is most likely a result of

adsorption on the aggregate: Cesium release may have been greater if

the contaminant had been incorporated into the test sample during

aggregatecoating with asphalt.

Immersion tests on asphalt-only coupons yielded diffusivities well

below PA baseline values. Diffusivities of 13 7Cs+. 99 TcQ, and N0 were

calculated using two probit transformation approaches: The first

approach used a driving force defined by contaminant concentrations in

the immersion solutions (case I). and the second approach used a driving

force defined by smaller concentrations found in the top-most slices of

asphalt from the coupons (case II)..

K.20 19



WHC-SD-WM-EE-004. Rev. 0

Half-cell tests employing a composite asphalt/aggregate membrane
are necessary to resolve questions about whether the retention of some
contaminants in leach tests are artifacts of sample preparation.

Results from half-cell tests will also be the most straightforward to
interpret because 1) the half-cell membranes are made without
incorporated contaminants. 2) the membranes are fabricated using methods
representative of those used in construction. 3) the membranes
incorporate all materials used in the actual barrier, and most
importantly. 4) the half-cells simulate the two diffusion interfaces of
the grout disposal system, namely, the vault-asphalt interface and the
asphalt-vadose sediment pore water interface.

K.2120



WHC-SD-WM-EE-004, Rev. 0

RFFFRFNCFS

ANS. 1986. Mpaqurement of the leachability of Solidified lnw-Level
Radinartive Wastes by a Short Term Test Prnredure. ANSI/ANS16.1.
American Nuclear Society, La Grange Park. Illinois.

ASTM. 1990. American Society for Testing Materials. 1990 Annual Book
of ASTM Standards. Vol. 04.03, Road and Paving Materials: Pavement
Management Technologies. Philadelphia. Pennsylvania.
D1559-82. "Standard Test Method for Resistance to Plastic Flow of
Bituminous Mixtures Using Marshall Apparatus";
D2041-90. "Standard Test Method for Theoretical Maximum Specific
Gravity of Bituminous Paving Mixtures";
D2726-89. "Standard Test Method for Bulk Specific Gravity and Density
of Compacted Bituminous Mixtures Using Saturated Surface-Dry
Specimens":
03203-88. "Standard Test Method for Percent Air Voids in Compacted
Dense and Open Bituminous Paving Mixtures".

Asphalt Institute. 1989. (Hveem Surface Area).
Analysis" and "Chapter 4.3. Asphalt Hot Mix
Asnhalt Handbook. MS-4. Asphalt Institute.
pp. 100-107. pp. 149-150.

"Chapter 3.2. Aggregate
Design Methods". Ihe
College Park . Maryland.

Brown. 0. A., J. E. Dunn and B. D. Fuqua. 1969. "Multiple-Ion
Diffusion - I. Techniques for Measuring and Calculating Apparent
Self-Diffusion Coefficients in Heteroionic Systems.' Clay and Clay
Minerals. 17:271-277.

Brown, D. A.. R. E. Phillips, L. D. Ashlock and B. D. Fuqua. 1968.
"Effect of A13+ and H+ upon the Simultaneous Diffusion of 85Sr and
86Rb in Kaolinite Clay." Clay and Clav Minerals. 16:137-146.

Crank, J. 1975. The Mathematics of Diffusion - Second Edition,
Clarendon Press. Oxford, England.

Daiev. Ch. T.. and G. P. Vassilev. 1985. "On the Diffusion of 90Sr
From Radioactive Wastes Bitumenized by the Mould Method," J._of
Nucl. Mat. 127:132-136.

Finney. D. J. 1971. Probit Analysis. 3rd Edition. Cambridge
University Press. Cambridge, England. pp. 283-287.

Godbee, H. W., E. L. Compere. D. S. Joy. A. H. Kibbey. J. G. Moore. C.
W. Nestor. Jr.. 0. U. Anders and R. M. Neilson, Jr. 1980.
"Application of Mass Transport Theory to the Leaching of
Radionuclides From Waste Solids." Nucl. Chem Waste Manage. 1:29-
35.

Phillips. R. E. and D. A. Brown. 1964. "Ion Diffusion:
of Apparent Self and Counter Diffusion Coefficients."
of Am. Proceed 28:758-763.

II. Comparison
Soil Sci. Soc.

K.22 21



WHC-SD-WM-EE-004. Rev. 0

APPFNDTX

PRORTT DATA FROM IMMFRSTON TFSTS

K.23



WHC-SD-WM-EE-004, Rev. 0

TALIF A1. Probit Data for Diffusivity Calculations

137C

1
2
3
4
5

99Tc04
1
2
3

---- 4
5
6
7
8
9
10
11
12
13
14

N0 3
1
2
3
4
5
6
7
8
9
10

Mass Median
a Denth. cm

0.052
0.049
0.041
0.038
0.057

0.055
0.035
0.035
0.-030
0.438
0.020
0.063
0.068
0.050
0. 044
0.064
0.041
0.065
0.0'48

0.052
0.049
0.041
0.038
0.057
0.023
0.032
0.084
0.048
0.053

0.0013
0.0038
0.0060
0.0079
0.0102

0.0014
0.0036
0.0053
0.0069
0.0184
0.0296
0.0316
0.0349
0.0377
0.0401
0.0427
0.0453
0.0480
0.0508

0.0013
0.0038
0.0060
0.0079
0.0102
0.0122
0.0135
0.0163
0.0196
0.0221

Activity
uC i/a

1.11
3.05
1.29
1.24
7.93

9.89
3.06
1.45
3.34
4.27
1.59
2.55
6.83
3.69
1.21
6.09
1.28
1.26
5.93

(Conc
5.34
1.81
7.84
1.04
4.69
1.64
2.06
7.48
5.39
3.75

x
x
x
x
x

10-2
10-3
10-3
10-3
10-4

10-3
10-3
10-3
10-3
10-5
10-3
10-4
10-5
10- 4

10-4
10-5
10-4
10- 4

10-5

g/g)
10-3
10-3
10-4
10-3
10-4
10-4
10-4
10-5
10-5
10-5

C/Co
x 100

Crae T

5.55
1.53
0.65
0.62
0.40

2.47
0.77
0.36
0.84
0.01
0.40
0.06
0.02
0.09
0.03
0.02
0.03
0.03
0.91

1.08
0.36
0.16
0.21
0.09
0.03
0.04
0.02
0.01
0.01

C/C
Probit x 100
Casp I Casp IT

3.41
2.84
2.52
2.50
2.35

3.03
2.58
2.31
2.61
1.91
2.35
1.91

2.70
2.31
2.04
2.13
1.91

50.00
13.75
5.83
5.59
3.57

50.00
15.49
7.35
16.91
0.22
8.02
1.29
0.35
1.87
0.61
0.31
0.65
0.64
0.30

50.00
16.93
7.34
9.76
4.39
1.54
1.93
0.70
0.50
0.35
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Probi t
Casp T 1

5.00
3.91
3.43
3.41
3.20

5.00
3.98
3.55
4.04
2.15
3.60
2.77
2.30
2.92
2.49
2.53
2.52
2.51
2.25

5.00
4.04
3.55
3.70
3.29
2.84
2.93
2. 54
2.42
2.30
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Measurement of Water Vapor Diffusion
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Summary

A sid asphalt/aggregate diffusion barrier currently surrounds the grout disposal vaults. One
potential mechanism for long-term release from the grout vaults involves the diffusion of water vapor
through the diffusion barrier to the grout. The diffusing water vapor then condenses and drips to the soil
carrying contamination with it. The diffusion of the water vapor is driven by a depression in the vapor
pressure over the grout caused by the high salt content in the grout waste form.

This report describes the results of experiments intended to quantify the rate at which water vapor
diffuses through the solid asphalt/aggregate diffusion barrier. Tests were conducted using lab-prepared
samples over a range of air void contents and at two asphalt contents. The asphalt contents were selected
as 7.0 wt% and 6.5 wt% on a total mix basis. These correspond to the minimum asphalt content and
0.5 wt% less than the minimum allowed in the construction specification.

In addition, a core sample was taken from the diffusion barrier of vault 105 during construction.
Two samples were prepared from this core and were tested in the diffusion apparatus to confirm results
obtained on samples prepared in the laboratory.

A reasonable value of diffusivity for the minimum asphalt content (7.0 wt%) and maximum air
void content (4.0%) allowed in the construction specification is 2 x l0-r cm2/s. Higher asphalt contents
and lower void contents result in lower diffusivities. Samples prepared with 6.5 wt% asphalt had diffusi-
vities approximately twice as high at 4% void content. However, diffusivities of 2 x 105 cm2/s are still
attainable if the material is compacted to a sufficiently low void content.

The diffusivity value of 2 x ]O-' cm2/s can be applied in performance assessment calculations to
estimate the impact from water vapor diffusing through the intact diffusion barrier. A simple, conserva-
tive analysis for drinking-water exposure from a low-volume well indicates that the impact will be
approximately 1% of the 4 mrem/yr limit. However, the cunnrji PA will consider the impacts of cracking
and long-term degradation of the diffusion barrier. Seismic events and biodegradation of the asphalt may
eventually open cracks in the diffusion barrier. The amount of water vapor diffusing through these cracks
may exceed the amount diffusing through the solid barrier material.

L.2
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Introduction

Disposal of the low-level fraction of liquid radioactive wastes stored in double-shell tanks on the
Hanford Site is scheduled to begin in the 1990s. Disposal will consist of mixing the liquid wastes with

-cementitious grout-forning solids. The resulting siurry will be-pumped into reinforced, 5300 m3 concrete
vaults, where it will harden into a cementitious mass. A diffusion barrier completely surrounds each vault
to limit the release of contaminants from the vault to an acceptable level. The current performance
assessment two-dimensional modeling effort is focused on modeling two release mechanisms: 1) release
by diffusion of contaminants through the grout, concrete vault, and diffusion barrier and 2) advection of
water through the grout, resulting from cracks in the diffusion barrier and concrete vault.

The data presented in this report is useful in evaluating a third mechanism termed "water vapor
return." The grout contains high concentrations of salts that depress the equilibrium vapor pressure of the
pore water within the grouL The soil porosity is at approximately 100% relative humidity since it is in
equilibrium with moisture contained in the so1il. This provides a driving force for diffusion of water vapor
from the soil to the grout. The diffusing water eventually saturates the grout and poduces a drip. Since
the performance assessment looks at the radiological impacts of disposal over extended time periods, the
liquid is assumed to leak from the catch basin through some small flaw in the barrier.

To evaluate the possibility of release through the water vapor diffusion mechanism. laboratory tests
have been performed to directly measure the rate of water vapor diffusion through a low-void asphalt
pavement bar-ier material. Results are reported for lab-prepared samples with the minimum asphalt
content and with less than the minimum asphalt content at a variety of void contents. The values obtained
are then interpreted in terms of the current groundwater and drinking water scenario assumptions. Test
results from samples of a core taken during the construction of vault 105 are also presented.
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Experimental Design

The experimental apparatus (Figure L.1) consisted of a Cahn model 2000 electrobalance, sealed in
a glass housing. For testing lab-prepared samples, the balance was connected through a 2.54-cm (1-in.)
diameter, 45.7-cm (I8-in.) long flex hose to a diffusion cell consisting of a 10.2-cm (4-in.) diameter pipe
with-barriermaerial compacted in it For testing of core samples, the flex hose length was reduced to
12.7 cm (5 in.) and the core sample was cut to length and sealed into a 15.2-cm (6-in.) diameter pipe.

DESICCATED
REGLASS BOX
WIH GLOVED PORTS(ns shown)

-r

DESICCANT

CABLETO
CONTROL UNIT

Figure Li. Schematic of Experimental Configuration
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One side of the sample was maintained at 100% relative humidity The other side of the sample
was connected to the flex hose leading to the electrobalance. A nylon bag of desiccant (anhydrous mag-
nesium perchlorate) was suspended from the electrobalance. The weight gain of the desiccant over time
was recorded on a strip chart recorder. Measurements were made throughout several weeks to ensure that
the rate was at steady-state.

The nominally 15-cm (6-in.) diameter core samples of the diffusion barrier were cut with a dia-
mond saw to a length of 8.3 cm (3.25 in.). The cut for the "wet" side of the sample was performed with
water as a lubricant. The "dry" side was cut without lubricant to avoid trapping water in the surface of the
sample. The outside diameter of the sample was 14.3 cm (5.625 in.). The core was placed in a sample
holder with a 0.38-cm (0.15-in.) gap around the outside of the sample. This gap was filled with AR-6000
asphalt to provide a seal around the edge of the sample. Rubber gaskets with an I.D. of 12.7 cm (5.0 in.)
were placed on the top and bottom of the sample to prevent asphalt from leaking or covering the surface
of the sample. The bottom of the sample was supported by a stainless steel wire grid, which in rum was
supported by a perforated plate. This prevented the sample from sagging or cracking during the test.

The electrobalance was required in order to measure the low rates of water vapor diffusion through
the sample. Because the rates were very low, the inleakage to the scale through O-ring seals in the
balance enclosure reduced the sensitivity of the device for detecting water vapor diffusion through a sam-
ple. To reduce the rates of inleakage, AR-6000 asphalt was used to seal O-ring joints. Ground glass
joints-wew-also sealedwith asphalt at the top of the joint.

In some cases, the entire apparatus was placed inside a glove box in which humidity was main-
tained at a reduced level to improve the sensitivity of the measurements. The humidity within the glove
box was lower than room air but higher than inside the dry side of the experimental appar-tus. The lower
humidity in the experimental apparatus was confirmed by disconnecting the diffusion cell and noting the
increase in the rate of weight gain when the end of the flexible metal hose was exposed to the air within
the glove box. Even with the reduced humidity of the glove box, some inleakage of moisture to the
system occured.

For all lab-prepared samples, a baseline was obtained with a plug in the end of the flexhose instead
of a sample. This baseline was then subtracted from the measurement with a sample attached to obtain
the amount of weight gain due to diffusion of water vapor through the sample. The baseline was remeas-
ured for each sample. For core samples, the baseline was obtained by measuring the rate with the sample
chamber attached prior to adding water to the lower chamber.

The compaction of the lab-prepared samples was performed in the lab using a device equivalent to
a Md''fl hammer (ASTM D 1559). The repeated blows delivered by a 4.536-Kg (10-1b) weight
dropped from a height of ' I cm (18 in.) provided compaction of the samples. In ASTM D 1559. the
sample is compacted from both sides. In this work the sample was compacted from one side only so that
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a seal could be maintained between the sample and the compaction mold. The number of blows deter-
mines the degree of compaction of the sample. The more compaction, the lower the air void content and
the lower the water vapor diffusivity.

Laboratory samples were prepared using the mix design prepared for construction of the diffusion
barrier to surround the grout vaults. The asphalt was AR-6000 obtained from U.S. Oil in Tacoma. The
construction specification requires 7.5±0.5 wt% asphalt. The amount of asphalt used in initial tests was
7.0 wt% of the total mix. Therefore, these samples contain the minimum allowable asphalt content.
Additional samples were prepared with an asphalt content of 6.5 wt% of total mix. These samples
represent material that is too lean in asphalt in order to evaluate the severity of the impact of missing the
specification.

The aggregate was obtained from ACME Concrete in Richland and was screened to meet the speci-
fication shown in Table L. 1. The aggregate was marinated with the lime mixed with water prior to heat-
ing and coating with the asphalt. This step is performed on the barrier aggregate to prevent stripping by
improving the asphalt-aggregate bond.

The marinated gravel was dried and heated in an oven to 135 0C. The asphalt was then heated (but
not above 135 0C) to allow it to pour easily and the asphalt and aggregate were mixed. After mixing, the
mixture was placed back in the oven to bring the temperature back to 135*C. The compaction mold was
preheated in the oven with the asphalt mix to 135 0C. The Marshall hammer was wanned on a hot plate
prior to use to avoid cooling of the asphalt mix during compaction. The thickness of samples varied from
2.5 cm to 7.6 cm (1 to 3 in.).

Low-void samples sealed against the side of the compaction mold. However, some higher void
samples did not seal against the side of the mold so that the primary diffusion path was along the interface
between the cell wall and the sample rather than through the sample. This led to a high reading even if
the sample itself was fairly impermeable to water vapor. To determine if the sample was sealed against
the cell wall, one end of the sample was covered with water, and a small helium pressure was applied to
the other end of the sample to check for bubbles. If the sample was not sealed against the cell, it was
removed from the cell, weighed, and extra asphalt was used to seal the edge of the sample against the cell
wall. The sealing process produced a 0.64-cm (0.25-in.) bead of asphalt around the edge of the sample.
The area covered by this bead was subtracted from the sample area in calculating the diffusivity for the
sample. The weight of asphalt added was taken into account in calculating the density for determination
of void content.

The density of pavement samples was measured using ASTM D1188/D 2041. In this procedure the
sample is weighed and then cooled and coated with paraffin. The sample is then weighed again in air and
then weighed immersed in water. The purpose of the paraffin is to seal the surface of the sample to
prevent intrusion of water into the sample during immersion. Using this procedure, the standard
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Table L.1. Aggregate Sizing for Laboratory Samples

Specification
Screen Size (in.)

5/8 in.
1/2 in.
3/8 in.
No. 4
No. 16
No. 30
No. 50
No. 200(d)

lime pass No. 200

Wt% Passing in
Specification(')

100
92- 100
85 - 95
65 - 75
36-42
27 -33
16-22
3.5 -7.5
2.75 - 3.25

Screen Size
Used (in.)

5/8 in.
1/2 in."

3/8 in.
No. 4
No. 18(c)
No. 30
No. 45C)
No. 200(')

lime pass No. 200

Wt% Passing
Used in Sample

Preparation

100
100
90
70
39
30
19
5.5
3.0

(a) From B-714-C2 specification Rev. 1. section 02147. Values include the
weight of lime except as noted for the No. 200 sieve.

(b) Due to the relatively small thickness of the samples being prepared, the 100
passing end of the specification was selected. This prevents a single aggre-
gate particle from spanning half of the sample thickness.

(c) The screen size was selected because it was the closest size that was imme-
diately available. The minor difference is not.expected to have any sig-
nificant impact.

(d) Wt% of aggregate passing. Does not include the lime, which is shown -
separately below.

deviation is 0.32% void content (determined by ASTM). The procedure used is more accurate and pre-
cise than ASTM D 2726/D 2041 that is commonly used for road pavements in which a "saturated surface
dry" weight is used to correct for water intrusion during immersion.
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Experimental Results

The calculation of diffusivity was performed assuming a one-dimensional steady-state process.
The equation for one-dimensional diffusio. in be rearranged to solve for diffusivity as a function of
measured properties as shown below.

D = (m dX)/(A dC) (1)

where D = diffusivity
m = mass rate of water diffusion

dX = thickness of sample
A = area of sample

dC = difference in concentration across sample

Lab Samples, 7.0 wt% Asphalt -The results of experimental water vapor diffusivity measurements
using 7.0 wt% asphalt zrm shown in Table L.2. The footnotes to the table explain the details of each
measurement. Some early points are noted as low confidence. The low confidence stems from a possible
scale calibration error as well as an increase in confidence in later samples. This is due to the improve-
ment in procedures and equipment used in determining the void content as well as the relatively low level
of the baseline for the vap6r diffusion measurement. The highest confidence data are plotted in
Figure L.2. It is believed that the variability in the data may be greater than suggested by the small scatter
about the line. The void content measurements are believed to be within about 0.5% void of the true
value.

Lab-Prepared, 6.5 wt% Asphalt - After results in Table L.2 were obtained, additional tests were per-
formed to determine the water vapor diffusivity of samples prepared with asphalt content below the con-
struction specification range. Samples were prepared and tested at 6.5 wt% asphalt (total mix basis). The
data are shown below in Table L.3. Figure L.3 shows the data from Tables L.2 and L.3 plotted together.
The lower asphalt content appears to increase the diffusion rate of water vapor through the samples. Low
diffusion coefficients can still be obtained in the 6.5 wt% asphalt material at low void contents.

Core Samples -Two samples from a core of actual barrier material were tested to confirm results
obtained with lab-prepared material. The core was taken from vault 105, east of the leachate sump area
with an elevation of 186.8 m (613 ft) at the top of the core. The compaction in this area was performed
using a small vibratory steel roller and a small vibratory plate compactor.
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Table L.2. Summary of Measurements on 7 wt% Asphalt Samples(al

% Air Thickness Wt Gain Baseline
Sample Voids( (cm) (mg/d) (mg/d) D, (cm 2/s)

scoping 1.5(,A) 2.54 1.6 <2.5 x 10'
1 >36" 2.79 5.4 2.3 5.2 x 10-
2 >5.3"f) 3.18 7.3 3.0 8.4 x 10'
3 -0 2.47 0.6 0.41 5.0 x 10-
4 2.1 2.79 0.6219) 0.55 <3.4 x IV0
6 2.4' 3.02 0.69) 0.59 <3.7 x I0

16(h 5.0(c) 7.14 1.22 0.73 2.1 x 10'
24 3.8(c) 5.49 1.32 0.80 1.8 x 10-
25 6.1 4.45 1.23 0.63 3.4 x 101

(a) 7.0 wt% on total mix basis.
(b) Construction specification is 4% maximum voids.
(c) Determined using ASTM D 1188/D 2041. Single operator precision

a=0.32, acceptable range of two results on identical samples 0.91.
(d) Value may be affected by scale malfunction.
(e) No baseline obtained, weight gain includes inleakage rate.
(f) Determined using ASTM D 2726/D 204 1. Saturated surface dry

weight was not recoried. making the reported voids lower than
actual. These samples are believed to have greater than four voids.
If correctly executed, D 2726/D 2041 has a single operator
precision a=.5 1, acceptable range= 1.44. Multilaboratory precision
a=1.09, acceptable range of results 3.08.

(g) The smallest difference that can be reliably detected between base-
line and weight gain with the cell attached is approximately
0.2 mg/d. These samples had rates less than 0.2 mg/d above base-
line, so 0.2 mg/d was used to calculate the diffusivity.

(t) This sample used mix obtained from the construction site rather than
mix prepared in the laboratory. Compaction was performed in the
Laboratory. The asphalt content may be greater than 7.0 wt%.

(i) A significant amount of asphalt was added to the perimeter of the top
and bottom edges to seal the sample in the cell. The diffusivity was
adjusted upward to account for the reduction in surface area of exposed
sample.

The results verify measurements of lab samples that indicated v; -, i.v diffusion rates of water
vapor through the barrier material. Water vapor diffusion rates were not high enough to proouaL a
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Water Vapor De vs. Void Content
.0 wt% Asphalt

2.5 I

2

0 2 3 4

Air Void content CX'
5 6

Figure L.2. Plot of Diffusivity as a Function of Void Content. Data points plotted include
samples #4, 6, 16, 24, 25. The sample at 5.0 wt% voids was prepared in the
laboratory using mix obtained from the construction site. The asphalt content
may be greater than 7.0 wt% for this sample.

noticeable change in the baseline water collection rate. However, even without baseline correction, the
diffusion rates are low. Although the sensitivity was reduced for the core sample measurements, it is
estimated that the diffusivity is less than 2 x l0r cm2/s, which is the expected diffusivity for a 7.0 wt%
asphalt. 4% void, lab-prepared sample. This is believed to be due to a higher asphalt content(' and a
lower void content.

The reduced sensitivity experienced during core sample tests was the result of a higher baseline rate
than in the smaller 10.2-cm (4-in.) diameter lab-prepared samples. It is possible that some water was
trapped inside the sample during core drilling and contributed to the higher rate. In any case, the rate
dropped very slowly over a long period of time. In testing the cores, the water was not added to the lower

(a) The asphalt content of the core sample was not measured. However, lab samples were prepared
at the minimum asphalt content of the construction specification so it is expected that the field-
placed material contained more asphalt than lab samples.
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Table L.3. Summary of Measurements on 6.5 wt%-Asphalt Samples"'

Void
Content

(%)
3.0
6.6

1.7
3.4

Thickness
(cm)
2.15
2.24

2.19
5.25

Wt.
Gain

(mg/d)

1.07
4.58

Baseline
(mg/d)

0.05
-0.0

D, (cm 2/s)

3.4 x 10'
2.1 x 104

0.325 -0.0 1.1 x 10-1
1.04 0.10 3.0 x 10-5

(a) 6.5 wt% on total mix basis. Samples 91-1 through 91-8 (not
shown) were produced to obtain a compaction curve and do not
provide vapor diffusion data.

(b) Sample 91-12 was compacted to 60 blows, which should core-
spond to a void content of approximately 5%. This sample had
open pathways for air movement and was not tested further.

Water Vapor De vs. Void
6.5 and 7.0 wt%

Content

x

Air Void Content CX)

X 7.0 wt% Asphalt x 6.5 wt% ASphalt

Figure L-3. Comparison of Water Vapor Diffusivity as a Function of Void Content at 6.5 wt%
and 7.0 wt% Asphalt (total mix basis). The high 6.5 wt%, 6.6% void sample had
a minor leak in the sample itself. The line was plotted excluding this point.

L. I I

Sample

91-9
91-10
91-12("
91-13
91-14
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chamber until a reasonable baseline was obtained. After addition of a water source in the lower chamber,
the-rate of moisturecollection-eontinuedto-faH.-There was no apparent response to the rate of water
collection at the electrobalance to the presence of the moisture in the source cup. Therefore, if calculated
in the normal way these samples would result in a zero diffusivity. To provide some quantification of the
results, a range of diffusivity is provided in Table L.4 along with the sample thickness, void content, and
baseline prior to water addition to the lower chamber.

This range provides the diffusivity of 0 (zero) resulting from subtraction of the baseline, and a dif-
fusivity value detennined by neglecting the baseline and assuming the entire weight gain is due to diffu-
sion through the sample. The upper value provides a conservative bound on the diffusivity for these
samples.

The rate of weight gain for each of the two core samples is provided in Figures L.4 and L.5. As can
be seen in the figures them is no clear response from the system when moisture is added to the lower
chamber. In addition, there was no response from the second core sample test when the water was
removed and replaced with desiccant at the end of the test. It takes a very long time to reach a low rate of
weight gain in the tests. While testing the first core sample, core sample #2 was stored in a desiccated
environment. The fact that the data is better behaved and reaches a lower value for the second sample
may indicate the presence of some water within the core resulting from core drilling operations. If this is
the case, the water collection rate is controlled by water vapor diffusing out of the sample rather than
through the sample from the lower chamber.

Table L.4. Summary of Vault 105 Core Sample Measurements

Sample Void Rate of Baseline Diffusivity
Thickness Content wt Gain Rate of wt Range

Sample (cm) (%) (mg/d) Gain (mg/d) (cm 2/s) t1

core 1 8.3 0.5 0.91 1.14 0 - 3.8 x I0r
core 2 8.3 0.3 0.49 1.13( 0 - 2.0 x I0r

(a) In both cases the initial baseline with no water present in the source cup
produced results lower than the rate obtained after water addition. The
upper limit value is calculated with no correction for the baseline rate of
weight gain.

(b) At the end of the test, the water in the source cup was replaced with des-
iccant. The final baseline was measured at 0.46 mg/d.

L.12
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F g -e L4. Rate of Weight Gain of Desiccant for Core #1 vs. Days Connected to the Electrobalance.
The lower graph shows an expanded scale to prvide more detail in the nearly level
region. Water was added to the lower chamber after 57 days.
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Figure L.S. Rate of Weight Gain of Desiccant for Core #2 vs Days Connected to the Electrobalance.
The lower graph shows an expanded scale to provide more detail in the nearly level
region. Water was added to the lower chamber after 35 days. At 139 days, the water
in the lower chamber was removed and replaced with desiccant.

Interpretation of Results for Performance Assessment
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Lab-prepared samples indicate that at the minimum asphalt content (7.0 wt%) and the maximum
void content (4.0%) a diffusivity value less than 2 x 10' cm2/s can be expected. The baseline for core
sample #1 corresponds to a diffusivity of 3.8 x IOF cm2/s. A 50% change in the baseline would have
been detectable in this test. Therefore, the diffusivity for core sample #1 is believed to be less than
2 x 10" cm 2/s. Core sample #2 indicated a baseline of 2 x 10- cm 2/s with no response to water placement
in (or removal from) the source cup. Therefore, a diffusivity of 2 x 10W cm 2/s has been selected as a
reasonably conservative value for the water vapor diffusivity of intact barrier material.

A required diffusivity of the diffusion barrier was calculated using the following assumptions:

Consider only 9rc and '291 dispersed evenly into cold grout and concrete. Grout Re 1.0 for
"I and R, 5.0 for "Tc

isothermal system at 17*C with 83% relative humidity over grout (after dilution of salts to
concrete and cold grout porosity value is 88% relative humidity) and 100% relative humidity
outside barrier

Water vapor diffusion rate is assumed to reach pore volume concentration and is then placed
into site recharge to evaluate well concentration. (ignore transport in vadose and saturated
zone other than dilution factor in well.)

low-volume well dilution factor 0.01 applied to concentration of recharge to the aquifer for
uniform 0.1 cm/yr recharge.

33 vaults with intact diffusion barrier 91.4-cm (3-ft) thick and area for diffusion of
3 x iV cm2

DOE Order 5400.5 dose conversion factors used to calculate drinking water doses.

Based on these assumptions, a water vapor diffusivity of 2.0 x 100 cm2/s would provide a release
approximately equal to the 4 mrem/yr drinking water limit. This maximum allowable value is two orders
of magnitude higher than measured values.

Application of a 2 x 10- cm2/s diffusivity in the simple model described above results in a dose of
4.0 x 102 mrem/yr or about 1% of the limit. Therefore, the diffusion of water vapor through an intact
diffusion barrier is not expected to be of concern. The calculated impact is directly proportional to the
diffusivity value.

The major contributors to the difference in impact estimated here and in the January 1991 draft PA
are changes in the assumptions for the well intercept and resulting dilution. Tc sorption. inventory, and
apportionme a.

Water vapor diffusion through cracks still has the potential to be a major contributor to release. A
conservative calculation indicates a 91.4-cm (3-ft) thick barrier with a 5.0-cm crack running the circum-
ference of the vault could contribute up to 21% of the low-volume well drinking water limit. The result is

L.15
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directly proportional to crack area so this could represent a number of smaller through-wall cracks. This
value was calculated using the following assumptions:

- Only 'Tc and .2"I considered in dose calculation.

- Grout Rf=1.0 for 121 and Rr-5.0 for "Tc.

- Cracks are completely open and straight.

- Contamination is uniform in grout, cold grout, and concrete porosity.

. Transport of water to outside of crack and transport of contaminant to inside of crack are
rapid so that release is controlled by diffusion in the air phase.

* Pseudo-steady state value, no time associated with the dose.

. No interaction with other release mechanisms considered.

* Dose calculated using DOE Order 5400.5 dose conversion factors.

This calculation will be refined in the performance assessment to account for the diffusive resis-
tance of the grout, the effects of the vadose zone, and other factors.

L. 16
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Exposure Scenarios and Sources for Parameters
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Appendix M

Scenario Descriptions

K. Rhoads and S. F. Snyder, Pacific Northwest Laboratory

Following the disposal of grouted waste, individuals or populations may be exposed to radio-
active or hazardous materials contained in the grout via a number of pathways. Mechanisms for
release of these materials from the Grout Disposal Facility include intrusion into the burial site, direct
soil contamination by upward diffusion of radionuclides from the grout, disruption of the disposal
facility by natural events, leaching of materials to groundwater, and subsequent transport of ground-
water to the Columbia River. The intruder, upward diffusion, and groundwater pathways would be
expected to affect a relatively small number of individuals, whereas exposure via the river may impact
a much larger population. Eight scenarios for human exposure to radioactive materials from the Grout
Disposal Facility were evaluated for this performance assessment. Individual doses were evaluated for
two intruder scenarios-one for an individual who drills a well through the disposal facility and.
another for a resident who inhabits the site after drilling is complete. Three individual scenarios
involving use of contaminated groundwater were also considered for drinking water only, irrigation of
a home garden, or irrigation of a family farm. The dose to an individual was calculated for two
special cases involking upward diffusion from the buried grout in the absence of recharge from pre-
cipitation, and for disruption of the disposal site by a catastrophic flood. Collective dose was
estimated for a large population using contaminated water from the Columbia River. and for a smaller
population using groundwater from a community well. A summary of the exposure routes considered
in each scenario is shown in Exhibit MA.

Each scenario is described in detail in the following sections, and assumptions and parameter
values specific to each scenario are provided. The intent of these dose calculations was to model a
typical individual, therefore the parameters were selected to generate a "best estimate" dose, rather than
a maximum dose. Because only a very small number of individuals exhibit behavior that maximizes
their exposure to a particular pathway, the assumption of maximum exposure to all pathways simul-
taneously results in a situation that is frequently unrealistic (for example, consumption of all food
types at the maximum rate implies a total food consumption substantially higher than an individual's
annual intake). Therefore, an estimate of the more likely "typical" dose was p-nerated by selecting
parameter values indicative of average behavior. When Olublished data werL avallable to justify a
typical parameter value, that value was used. However, a number of parameters are required for wtuch
there is no published, typical value (i.e., hours spent outdoors), in which case a reasonable but con-
servative estimate was chosen.
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Exhibit M.1. Summary of Exposure Scenarios

Post- Drinking Flood, Upward Diffusion,
Driller Driller Water Irrigated Farm and Garden River

External exposure from:
surface soils while:

outdoors X X X X
indoors X X X

buried materials while:
outdoors X X
indoors X

surface water X
immersion in surface water X

Inhalation of:
resuspended soil while:

outdoors X X X X
indoors X X

Ingestion of:
soil while outdoors X X X X

drinking water from:
groundwater X X
surface water X

contaminated food types:
leafy vegs, other vegs, fruit X X X
animal products X) X
aquatic foods X

crops irrigated with:
contaminated groundwater X
contaminated surface water X

animal products fed with crops irrigated with:
contaminated groundwater X
contaminated surface water X

(a) These pathways were considered for the irrigated farm scenario, but not for the irrigated garden
scenario.
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M. Drilling Scenario

The drilling scenario considered a situation in which an individual would drill through the grout,
exhume a portion of the buried material. and subsequently leave the site. This scenario results in the
shortest exposure time of the scenarios evaluated. and the activities are assumed to be completed in
approximately I week. Monuments, barriers, and markers may reduce the probability that such an
intrusion could occur, but such measures would not entirely preclude it.

Drilling, either for water or mineral exploration, would transport buried grout to the ground sur-
face. The driller was assumed to remove a cylindrical volume of grout and bring it to the surface in a
powder or slurry form, depending on the drilling method used. All drilling debris was then assumed
to be uniformly incorporated into the upper soil horizon. Pathways for radiation dose to the driller
include external exposure, inhalation of resuspended material, and inadvertent ingestion of contami-
nated soil.

M.1.1 Scenario Description

The driller was assumed to drill a 30-cm bore through the entire 9.1-rn depth of the grout.
removing a total grout volume of 0.64 mi3 . As the driller removes material through the borehole to the
surface, it would be distributed about the circumference of the borehole and subsequently covered over
with more recently exhumed materials.

External exposure doses were assumed to occur over a period of I week, during which the
driller would be exposed to external radiation from the exhumed grout for 40 hours. This takes into
consideration the time required to complete well drilling, breakdown of the drilling equipment, and site
grading. The drilling debris was assumed to be uniformly dispersed and graded over a 10- x 10-m
area in the vicinity of the well to a depth of 15 cm.

Resuspension of the freshly bored grout by wind or mechanical disturbance introduces a mech-
anism for inhalation exposure. The driller was assumed to be exposed to the resuspended material for
one hour, after which the grout tailings would be covered with more recently exhumed, uncontami-
nated soil.

Inadvertent ingestion of the exhumed grout tailings was also assumed to occur. The mechanisms
for this pathway include ingestion of resuspended dust and soiled-hand-to-mouth contact during the
workday.

M.1.2 Scenario Parameters

Pathways considered in the drilling scenario dose calculations include inhalation, external expo-
sure, and ingestion. The scenario-specific parameters used to calculate these doses are tabulated in
Exhibit M.2.
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Exhibit M.. Parameter Specific to the Drilling Scenario

Best
Drilling Scenario Parameter (units) Estimate Basis

Manual redistribution: deep soil/ 6.4E-3 Calculated. Exhumed tailings uniformly distribu-
surface soil dilution factor (m) ted over a 100 m' area.

Area over which drilling tailings 100 Scenario assumption
were spread (m2)

Hours of exposure to resuspended I Scenario assumption
tailings (h)

Hours of exposure to ground con- 40 Scenario assumption
Lamination (h) (external dose)

Mass loading (g/m 3) 1E-4 U.S. EPA (1992). Data for Kennewick,
Washington

Soil ingestion rate (mg/d) 100 U.S. EPA (1989)

M.2 Post-Drilling Home Garden Scenario

The post-drilling home garden scenario was used to estimate the dose for a resident on land that
contains soil contaminated by grout tailings which were transported to the surface as a result of drill-
ing through the burial site. Such a situation would occur subsequent to the drilling scenario, where
grout tailings brought to the surface during well drilling could be graded into the local soil. This mate-
rial would present a source of potential radiation exposure to people living on or near the site of
original disturbance long after the initial contaminating event. A resident at the site was assumed to
be exposed via external exposure, inhalation of resuspended soil, ingestion of crops grown in soil con-
taining the excavated radioactive materials, and incidental soil ingestion. The resident's water supply
was assumed to be free from contamination.

M.2.1 Scenario Description

A resident was assumed to occupy a home on the land in which the upper soil layer is uniformly
contaminated with grout tailings. The volume of tailings distributed through the upper soil layer is
equivalent to that removed in the drilling scenario, or 0.64 m3. The land area about which the contami-
nation is-spread-was-assumed to be 2500 mi'. A larger area was considered for this scenario than in
the driller scenario because of additional spreading of contaminated soil during home construction.
The outdoor soil, essentially the area of the garden, was assumed to be uniformly contaminated to a
depth of 15 cm over the 2500 m' area. The resident in this scenario is exposed via external exposure,
inhalation, and ingestion pathways.
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External doses in this scenario are a result of exposure to penetrating radiation from radio-
nuclides in the contaminated soil and buried waste. No external exposure doses were calculated for
resuspended materials. See section M. 1.1 for additional general details regarding external exposiurr
calculations.

Inhalation doses result from the intake of resuspended soil. These doses were calculated by
assuming full-time exposure to contamination dispersed in the outdoor air. This 24 h/d exposure to
the outdoor air concentration conservatively estimates the indoor-plus-outdoor inhalation dose, because
the outdoor air contains a greater mass loading of contaminated soil than indoor air. Indoor soil con-
tanination results from the translocation of outdoor soil to the home interior by foot traffic and
blowing dust. The assumption that the indoor-air radionuclide concentration is equivalent to that of
the outdoor air overestimates the dose contribution from indoor air.

Ingestion doses in the post-drilling scenario result from consumption of crops grown in contami-
nated soil as well as inadvertent soil ingestion. The irrigation water source used to support crop
growth was assumed to be free of contamination. A cropholdup time was not considered because the
long half-life of the radionuclides involved results in negligible radiological decay for any reasonable
holdup time between harvest and consumption. Inadvertent soil ingestion results from ingestion of
blowing dust, ingestion of soil remaining on food crops, and hand-to-mouth contact.

The major food types assumed to come from the -home garden include leafy vegetables (i.e., let-
tuce, spinach, cabbage), other vegetables (e.g.. root crops, tomatoes, broccoli, cucumbers), and fruit
(i.e., orchard crops). Cereals (e.g., wheat, oats) are not considered in this home garden scenario
because space limitations preclude growing this type of crop in the contaminated area. The fraction of
the total diet supplied by the individual's garden was assumed to be 0.25 for leafy and-other vege-
tables and 0.20 for fruit (U.S. EPA 1989).

M.2.2 Scenario Parameters

The post-drilling scenario dose calculations considered external exposure, inhalation, and inges-
tion of food crops and soil. The scenario-specific parameters used to calculate these doses are tabu-
lated in Exhibit M.3.

M.3 Drinking Water Scenario

The drinking water scenario was limited to exposure via direct consumption of contaminated
groundwater An individual was assumed to obtain drinking water from an aquifer containing leachate
from thc .,out vaults. The leachate was assumed to travel through the unsaturated zone to the aquifer.
No water treatment or hold-up between pumping and consumption of the water was considered.

M.5



WHC-SD-WM-EE-004, Rev. 0

Exhibit M.3. Parameters Specific to the Post-drilling Scenario

Post-drilling/Home Garden Scenario
Parameters (units)

Hours of exposure to ground contamina-
tion (h) (extemal dose)

Hours of inhalation exposure per year (h)

Mass loading factor (g/Mn)

Soil ingestion rate (mg/d)

Fraction of roots in the upper soil

Manual redistribution: deep soil/surface
soil dilution factor (m)

Area contaminated by grout (m2)

Crop growing time (d)
Leafy vegetables
Other vegetables
Fruit

Above-ground biomass (kg,,/y)
Leafy vegetables
Other vegetables
Fruit

Fraction of diet produced locally
Leafy and other vegetables
Fruit

Consumption rate (kg./y)
Leafy vegetables
Other vegetables
Fruit

Best
Estimate

4383

8766

1 E-04

100

I

2.6E-4

2500

90
90
90

2.0
2.0
3.0

0.25
0.20

4.1
13.9
7

Basis

Scenario assumption

Scenario assumption

U.S. EPA 1992. Data for Kennewick,
Washington

U.S. EPA 1989.

Scenario assumption

Calculated. Exhumed tailings distributed over
a 2500 m2 area.

Scenario assumption

Scenario assumptions

Napier et al. 1988

U.S. EPA (1989)

Multiple of local diet fraction values and con-
sumption rates from the western region
reported in Yang and Nelson (1986)

This scenario was used to demonstrate that the performance objective for groundwater protection
would not be exceeded by leachate from the Grout Disposal Facility for a water intake rate of 2 L/d
(730 L/yr), consistent with proposed regulations (56 FR 33050, U.S. DOE 1990).
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MA Irrigated Farm Scenario

The second of the scenarios that considered agricultural pathways is the irrigated farm scenario. In
this scenario, contaminated groundwater would be used to irrigate crops, and as a drinking water
source for people and livestock. The farmhouse was assumed to be located at a sufficient distance
downgradient from the grout disposal site that external penetrating radiation directly from the buried
vaults was not considered. Doses to an individual on the farm result from external exposure, inhala-
tion, and ingestion of food crops. animal products, and contaminated groundwater.

Prior to its establishment as a federal reservation, farms existed on what is now the Hanford Site.
Currently, the region surrounding Hanford supports extensive agricultural activity, including production
of fruit, wheat, vegetable crops, and meat and milk livestock. Therefore, a scenario that considers this
type of irrigated fanning is credible after institutional control of the site ends.

M.4.1 Scenario Description

The 20.000-m2 farm was assumed to be located 100 m hydraulically downgradient fmm the grout
disposal site where groundwater would be contaminated by radioactive materials in leachate from the
vaults. The groundwater would then be used as a source of domestic water, livestock drinking water.
and irrigation water at a rate of 45 m3 per day. External doses to an individual on this farm result
from exposure to surface soil contaminated by irrigation water.

Inhalation doses result from the intake of contaminated soil resuspended by wind or mechanical
disturbance, such as plowing. An individual was assumed to inhale air containing radionuclide concen-
trations equivalent to those in outdoor air for 8766 h/yr to determine the inhalation dose. The assump-
tion that radionuclide concentrations in indoor and outdoor air were identical provides a conservative
inhalation dose estimate, because outdoor air activity concentrations will always be equal to or greater
than that of indoor air (see section M.2.1, post-drilling/home garden scenario).

Both the surface soil external exposure calculation and inhalation dose calculation required esti-
mates of the soil radionuclide concentration. The level of soil activity is related to the rate and dura-
tion of irrigation water application, which varies with the type of crop. To avoid apportioning farmer
occupancy times in the various types of fields, the surface soil activity concentrations used for external
dose calculations were calculated separately, using a single irrigation rate and growing season length.

Total ingestion doses combined the doses from the ingestion of food crops, animal products,
groundwater, and inadvertent soil ingestion. Inadvertent soil ingestion results from ingestion of blow-
ing dust, ingestior n -oil remaining on food crops, and hand-to-mouth contact. All water consumed
originates from the groundwater source d the consumption rate is a population average rather than
the 2 L/d rate used for the drinking-water scenario. Only a portion of the terrestrial food crops, and
animal products, were assumed to originate from the family farm (see Exhibit MA). The balance of
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the diet was assumed to be grown in an uncontaminated location. All grains consumed by the farmer
and livestock were assumed to be grown elsewhere on uncontaminated land and irrigated with uncon-
taminated water.

Radionuclides in the find crops result from irrigating the crops with contaminated groundwater and
growing crops in soil contaminated by the irrigation water. For all food categories, holdup time was
not considered because the long half-life of the radionuclides involved results in negligible radiological
decay for any reasonable holdup time between harvest and consumption.

Radionuclides in animal products are a result of livestock consuming contaminated feed and water.
"Meat livestock" (i.e. beef cattle) and dairy cows were assumed to consume fresh forage from the
same field. Meat livestock were assumed to consume uncontaminated grain as a stored feed, whereas
milk cows consumed stored hay that had been irrigated with the contaminated groundwater. Poultry
were assumed to consume feed that was grown on an uncontaminated site. The only radionuclide
intake for poultry and eggs results from water consumption.

In this scenario, the quantity of irrigation water required to support production of terrestrial foods
and animal products is sufficiently great that the volume of the contaminated plume from the disposal
site must he diluted by uncontaminated water from the aquifer. The groundwater concentrations pre-
dicted by the transport model were therefore reduced to account for dilution of the contaminated
plume (see section 3.4.5). .

M.4.2 Scenario Parameters

The irrigated farm scenario dose calculations considered external exposure, inhalation, and ingestion
pathways. The parameters used to calculate these doses for the irrigated fan scenario are tabulated in
Exhibit M.4.

M.5 Irrigated Garden Scenario

This scenario is similar to the irrigated farm, except that it omits the animal food consumption path-
ways, permitting use of a lower irrigation rate than the farm scenario. In this case, dilution of the con-
taminated groundwater plume by uncontaminated water from the aquifer was not assumed because of
the lower water volume required for irrigation (see section 3.4.5). All other pathways and parameters
in this scenario were identical to those discussed in section M.4 and listed in Exhibit M.4. This sce-
nario was considered because it was not possible to determine in advance of completion of the ground-
water modeling whether the increased radionuclide concentrations in groundwater would offset the
lower consumption rate of contaminated foods and result in a higher dose to the maximally exposed
individual compared with the irrigated farm scenario.

M.8



WHC-SD-WM-EE-004, Rev. 0

Exhibit MA Parameters Specific to the Irrigated Farm Scenario

Irrigated Farm Scenario Parameter
(units)

Inhalation dose exposure time (h)
Hours of exposure to ground

contamination (h)
Mass loading (g/m3)

Soil ingestion rate (mg/d)
Fraction of roots in the upper soil,

upper 15 cm
Irrigation water application rate (in./y)
Duration of irrigation (mo/y)

Human water consumption rate (L/y)
Local diet fraction

Leafy and other vegetables
Fruit
Milk
Meat, poultry, and eggs

Crop growing time (d)
Leafy vegetables
Other vegetables
Fruit
Stored feed - milk
Fresh forage - meat, milk

Above-ground biomass (kgJm2)
Leafy vegetables
Other vegetables
Fruit
Stored feed - milk
Fresh forage - meat

- milk

Best
Estimate

8766
4383

IE-4

100
1.0

6

Basis

Scenario assumption
Scenario assumption

U.S. EPA (1992). Data
Washington
U.S. EPA (1989)
Scenario assumption

for Kennewick,

32.4 Scenario assumption
6.5 Typical availability for the Kennewick

irrigation District, Kennewick,
Washington. (April I through
October 15).

55 Roseberry and Burmaster (1992)
U.S. EPA (1989)

0.25
0.20
0.46
0.44

90
90
90
90
45

2.0
2.0
3.0
1.0
1.0
1.5

Scenario assumption

Napier et al (1988)
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Exhibit MA. (contd)

Irrigated Farm Scenario Parameter
(units)

Consumption rate (kg./y)
Leafy vegetables
Other vegetables
Fruit
Meat
Poultry
Milk
Eggs

Animal diet fraction
Stored feed - milk
Fresh forage - meatmilk

Livestock water intake rate (L/d)
Meat livestock
Dairy cows
Poultry and laying hens

Best
Estimate

4.1
13.9
7.0

22
4.6

50.8
10.6

0.25
0.75

50
60
0.3

Basis

Multiple of local diet fraction values and
consumption rates from the western
region reported in Yang and Nelson
(1986).

Scenario assumption

Napier et al. (1988)

M.6 Special Cases

Two special cases involving direct contamination of surface soil were evaluated in addition to the
groundwater scenarios. These cases involved contamination of the upper soil surface either by upward
diffusion of radionuclides from the grout vaults in the absence of recharge from precipitation, or by
disruption of the disposal facility by a catastrophic flood. The upward diffusion scenario was similar
to the intruder post-drilling garden scenario (see section M.2), except that both surface and deep soil
layers were considered to be contaminated at similar levels... Otherwise, the same pathways and
parameters were used for both cases. Soil concentrations for the upward diffusion scenario were esti-
mated using the subsurface transport model for times up to 660,000 years after disposal.

Pathways considered in the flood scenario were similar to the famn scenario, except that irrigation
water and drinking water were assumed to be uncontaminated (see Exhibit M.4). The soil concentra-
tions in the flood scenario were based on dispersion of the entire grout inventory in three different
volumes, corresponding to 1) the volume used for the 200 Area plateau (78 km2 x 4 m deep) in the
HDWEIS (U.S. DOE 1987), 2) the Hanford Site (1,450 km 2 x 10 m deep), or 3) the Pasco Basin
(4,850 in2 x 10 m deep). The flood scenario is evaluated at 50,000 years after disposal, because this is
the approximate predicted time for recurrence of glacial flooding of sufficient severity to disturb the
disposal site (see section 2.1.5).

M.10
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M.7 Columbia River Scenario

The Columbia River scenario was used to estimate dose to the population in the downstream
Columbia River region from exposure to contamination in the river. The contamination is the result of
groundwater flow into the surface water system. The Columbia River is presently used for drinking
water, irrigation, and recreation by a limited number of people living downstream of Hanford, and for
the purposes of this analysis, these uses are assumed to increase in the future. Population doses in the
river scenario result from external exposure, inhalation of resuspended soil, and ingestion pathways.
Doses to individuals were not considered because they would be substantially lower than those in the
groundwater scenarios. Radionuclide concentrations in river water are lower than in groundwater as a
result of dilution by uncontaminated river water originating upstream from Hanford.

River contamination was assumed to result from contaminated-groundwater recharge to the
Columbia River. The groundwater contamination occurs by transport of radioactive leachate from the
disposal site through the vadose zone to the aquifer system. The rate at which radionuclides subse-
quently enter the river depends on the rate at which they enter the groundwater, the extent of radio-
active decay, chemical characteristics, the flow rate of the aquifer. and distance to the river.

This scenario is similar to the irrigated farm scenario except that surface water, rather than ground-
water, would be used for irrigation and human and animal consumption. Additional pathways were
included to evaluate the dose from recreational uses of the Columbia River including swimming, boat-
ing, fishing, other shoreline activities, and consumption of fish caught in the river. Dose to the
regional population was calculated in this scenario because of the potential for exposure of a larger
number of people than in the groundwater scenarios.

At present, this scenario is very conservative for a number of reasons, and would be expected to
provide an upper bound to potential exposure of downriver populations in the future. Irrigation water
for the majority of the Columbia Basin is obtained from reservoirs located upstream of the Hanford
Site, and which are uncontaminated by groundwater coming from beneath the site. Production of all
food consumed by the downriver population with contaminated water would require a very large
increase in crop production below the site, and a substantial investment in new irrigation projects in
this area. The Columbia River is also diluted by a large inflow of water from tributaries immediately
below the Tri-Cities area and along its entire course to the Pacific Ocean. resulting in significantly
lower radionuclide concentrations than those assumed for this analysis. The availability of alternate
sources of drinking and irrigation water from uncontaminated tributaries and groundwater aquifers
would further reduce the potential exposure levels for this population.

M.7.1 Scenario Description

The population dose estimates for this scenario result from regional use of the Columbia River as a
drinking water supply and irrigation water source. In addition, the river provides a source of recrea-
tion. A total of 5 million people were assumed to reside along the river from the Hanford Reach to
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the mouth. This represents a significant population increase over present conditions and is a conserva-
tive scenario assumption. This same population was used for a previous prospective population dose
estimate (U.S. DOE 1989).

External doses result from exposure to irrigated land and from recreational exposure to contamina-
tion in the river water. In this scenario, the application rate of Columbia River water used for irriga-
tion is lower than that used in the other scenarios because of differences in climate for the region
being considered. The population for this scenario is distributed along the river from the arid climate
of the Hanford Reach to the wetter coastal areas. The "average" irrigation rate for this scenario was
determined from the precipitation and irrigation rates in Benton County by assuming that the same
total quantity of water from precipitation plus irrigation would be required to support crop production
all along the river. Because of the higher evapotranspiration rate in the Benton County region, this
method probably overestimates the actual irrigation rates required for crop production in the more
humid coastal areas, but it does provide a reasonable (and somewhat conservative) approximation.

In this scenario, internal doses may result from inhalation of resuspended soil. An individual was
assumed to be outdoors 8766 h/yr for inhalation dose calculations. The indoor air radionuclide con-
centration-was- assumed- to -be-equivalent-to-the-outdoor-air-concentration. -This provides a conservative
inhalation dose estimate, because outdoor air concentrations will always be greater than or equal to
that of indoor air:

Ingestion of food products contaminated by irrigation with river water provides another route for
internal radiation exposures. The downriver population was assumed to subsist on its own agricultural
products, which include the generalized categories of leafy vegetables, other vegetables, fruits, and
cereals. The Columbia River was assumed to provide drinking water for both people and livestock,
and all food for human consumption and animal feed crops were assumed to be irrigated with
Columbia River water. Livestock consume both fresh feed (pasture grass) and stored feed. Stored
feed consists of dry-alfalfa-bay-for milk cows, and cZreal grains for beef cattle and chickens (meat and
egg layers). Inadvertent soil ingestion was also considered iff this scenario.

M.7.2 Scenario Parameters

Columbia River scenario dose calculations consider external exposure, inhalation, and ingestion
pathways. The parameters used to calculate these doses for the Columbia River scenario are tabulated
in Exhibit M.5.

M.8 Community Well Scenario

This scenario uses the dose calculated for the individual garden scenario (section M.5) to estimate
the potential collective dose via a community well. Based on a contaminated plume volume of
25 m3/d at 100 m from the disposal site, and an individual per capita consumption rate of 0.31 m'/d
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Exhibit M.5. Dose and Exposure Parameters Specific to the Columbia River Scenario

River Scenario Parameter (units)

Population size

Inhalation dose exposure time (h)
Hours of exposure to ground

contamination (h)
Hours of recreation time (h)

Swimming
Boating
Shoreline

Soil ingestion rate (mg/d)
Irrigation water application rate

Duration of irrigation for surface
soil external exposure and
inhalation doses (mo/y)

Water consumption rate (L/y)
Regional diet fraction

All food types
Consumption rate (kg.,/y)

Leafy vegetables
Other vegetables
Fruit
Cereal
Meat
Poultry
Milk
Eggs
Fish

Crop growing time (d)
Leafy vegetables
Other vegetables
Fruit
Cereal
Stored feed - milk
Fresh forage

Best
Estimate

5.CE+06
8766
4383

10
0

17
100
25.0,

Basis

Scenario assumption

Scenario assumption
Scenario assumption

Scenario assumption

U.S. EPA (1989)
USDA (j974). Calculated as average of Benton
County average inigation-plus-precipitation rates
minus annual precipitation for counties adjacent to
the Columbia River.

6.5 Typical availability for the Kennewick Irrigation
District, Kennewick, Washington. (April 1 through
October 15).

655

1.0

16.5
55.0
35.0
74.0
50.0
10.5

115.0
24.1
0.003

90
90
90
90
90
45

Roseberry and Bunnaster (1992)
Scenario assumption

Consumption rates from the western region reported
in Yang and Nelson (1986).

Scenario assumption
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Exhibit M.5. (contd)

River Scenario Parameter (units)

Above-ground biomass (kg 0 /m2)
Leafy vegetables
Other vegetables
Fruit
Cereal
Stored feed - meat

- milk
Fresh forage - meat

- milk

Animal diet fraction
Stored feed - meat,miilk
Fresh forage - meatimilk

Livestock water intake rate (L/d)
Meat livestock
Dairy cows
Poultry and laying hens

Feed intake rate (kg,/d)
Meat livestock
Dairy cows
Poultry and laying hens

Best
Estimate

2.0
2.0
3.0
0.8
0.8
1.0
1.0
1.5

0.25
0.75

50
60

0.3

68
55

0.12

Napier et al. (1988)

Scenario assumption

Napier et al. (1988)

Napier et al. (1988)

for domestic use and limited gardening, the maximum number of individuals that could be supported
by a community well without additional dilution is approximately 80. The collective dose from this
scenano is therefore estimated as 80 times the individual dose for the garden scenario.
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Appendix N

Sensitivity Analysis for Dose and
Exposure Assessment Parameters

S. F. Snyder and K. Rhoads, Pacific Northwest Laboratory

A sensitivity analysis was performed for the dose and exposure assessment parameters used in the
intruder (drilling and post-drilling), irrigated farm irrigated garden, and Columbia River scenarios that
were evaluated using the GENII computer code. The sensitivity analysis results reflect both the degree of
uncertainty in each parameter value and that-parameter's importance in determining the overall dose esti-

-mare-for-a particular scenanio. In general, variations in values of the more sensitive parameters will pro-
duce significant changes in the dose estimate, whereas variations in parameters of low sensitivity will not
significantly alter the calculated dose estimate. The analysis is intended to show the relative contribution
of variations in scenario parameters to uncertainties in the resulting dose estimate.

N.1 Sensitivity Analysis Methods

The GENII-S computer code, described in Appendix I, Section 1.3. was used to perform the sensi-
tivity analyses. The code uses the basic exposure and dosimetry algorithms in the GENII software pack-
age, with an added feature that allows the user to define probability distribution functions (PDF) for a
number of variable parameters. Possible choices for PDFs in the GENII-S code include fixed, uniform,
loguniform, normal, lognormal, triangular, and empirical. A fixed PDF is specified by a single value for
a parameter, the uniform and loguniform PDFs require minimum and maximum values; upper and lower
99.9% confidence limits define a normal or lognormal distribution; and the triangular distribution requires
the definition of a minimum, maximum, and central value. The empirical distribution function allows the
user to supply a set of raw data for a given parameter. The PDF for a particular parameter reflects the
degree of uncertainty concerning its true value, which may result either from inadequate knowledge, or
inherent stochastic variability in the parameter's value, or both.

In performing the sensitivity analysis for each scenario, a specified number of dose calculations
were perforned using a randomly selected set of values for tz variable parameters in each run. In this
analysis, a Latin Hypercube sampling technique was used to select a set of pararr -r values for each of
100 iterations based on the previously defined distributions. When inadequate empirical data was avail-
able to define a PDF, a uniform distribution over a range was assumed. Although attempts were made to
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define the PDFs for each parameter as realistically as possible, many ranges were defined by default as
±50% of the value used in the deterministic (single point) dose calculations.

Output from the sensitivity analysis consisted of a series of partial rank correlation coefficients
(PRCC) between the variable input parameters and the resulting dose estimates for each set of calcula-
tions. The relative sensitivity of each parameter was indicated by the absolute value of its partial rank
correlation coefficient. The value of the PRCC may range fmm -A to 1. where a PRCC of I indicates a
perfect positive correlation between two variables, and a PRCC = - indicates a perfect negative (or
inverse) correlation. The correlation coefficient was calculated based on the rank of each parameter's
value rather than on the value itself, because the rank transformations are generally more revealing when
nonlinear relationships are involved in a model. A stepwise ranking of each sensitive parameter was then
performed to evaluate its relative contribution to the total uncertainty in the dose estimate. For the pur-
poses of this analysis, a parameter was considered sensitive if the absolute value of its partial rank conre-
lation coefficient was greater than 0.50.

The sensitivity analyses were performed for a subset of radionuclides in the grout inventory
because the number of parameters that could be varied within each scenario was limited. The driller and
post-driller scenario sensitivity analyses included the influence of the grout radionuclide inventory for
each of four post-disposal times. The irrigated farm and Columbia River scenario sensitivity analyses
were conducted for each significant radionuclide using unit concentrations in ground: or surface water.
This approach was used to make the sensitivity analysis for dosimetry parameters independent of the sen-
sitivity analysis for groundwater transport parameters, which was performed separately.

N.2 Intruder Scenarios

The sensitivity analyses for the drilling and post-drilling scenarios will be discussed together
because of their similarities (see Appendix M. Exhibit M. I. Section M.0). The parameters that were
varied for the sensitivity analysis are indicated in Table N.l. All other parameters were assigned fixed
values identical to those used for the deterministic scenario DF evaluations (see Appendix M,
Exhibits M.2 and M.3).

In this analysis, it was necessary to define a pre-existing correlation for two of the parameters, the
"manual redistribution factor" and the "contaminated area." The "manual redistribution factor" parameter
relates the volume of grout exhumed during drilling to the area over which it becomes distributed (see
Equation 1). The manual redistribution factor is, therefore, strongly correlated to the "contaminated area"
parameter. The definition of a high, but not perfect, correlation between these parameters was desired
because of uncertainties in the volume of grout exhumed and the depth of surface soil into which the
grout is distributed. The defined correlation coefficient was assumed to be -0.75.
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Table N.I. Parameter Values Used for Sensitivity Analysis of the Drilling and Post-drilling Scenarios

Range of Values

Parameter (units) Scenario minimum central" maximum PDF"

Annual soil exposure time (h) Drilling 24 40 60 U
Post-Drilling 1000 4383 4383 U

Annual inhalation exposure time (h) Drilling 0.5 1 10 U
Post-Drilling 1000 8766 8766 U

Manual redistribution factor (m') Drilling 3.2E-3 6.4E-3 1.3E-2 U
Post-Drilling 1.3E-4 2.6E-4 6.4E-4 U

Contaminated area (in2) '' Drilling 50 100 200 U
Post-Drilling 1000 2500 5000 U

Daily soil ingestion rate (mg) Both 50 100 150 T

Mass loading (g/m') -Both 'E-5 1E-4 IE-3 U

Fraction of roots in upper soil layer Post-Drilling 0.75 1 I U

Above-ground biomass (wet kg/m2) Post-Driling U
leafy vegetables 1 2 3
other vegetables 1 2 3
fruit 1.5 3 4

Growing time (d) Post-Drilling U
- - ley vegetabl- 30 90 90

other vegetables 30 90 90
fruii 60 90 90

Consumption rate (dry kg/y) Post-Drilling U
leafy vegetables 2.1 4.1 6.2
other vegetables 7.0 13.9 20.9
fruit 3.5 7.0 10.5

Sod-to-plant concentration ratio Post-Drilling 0.1 1 10 LU
scaling factor

Animal transfer factor scal4gfactor .. Post-Drilling 0.! -0 LU

(a) The central value indicated for the range is the deterministic value used for the scenario DF evaluation.
Minimum and maximum values indicate the ranges defined for the specified PDFs.

(b) The probability distribution function (PDF) chosen for each parameter range is indicated (U=uniformn.
T=triangular, LU=loguniform).

(c) Within each scenarno, these parameters are defined to be correlated with a correlation coefficient of -0.75.
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M _ V
A

where M = manual redistribution factor

V = activity concentration of grout exhumed (Ci/m3)

A = contaminated area activity concentration (Ci/m2)

The specific radionuclides evaluated for the drilling and post-drilling scenarios differ because of the
different exposure pathways involved in each scenario. Only those radionuclides that contributed greater
than I mrem EDE based on the deterministic analysis were included in the sensitivity analyses. The
radionuclides included in the drilling scenario sensitivity analyses were strontium-90, tin-126,
cesium-137. and americium-241. The radionuclides included in the post-drilling scenario were
strontium-90, plutonium-239, technetium-99, americium-241, tin-126, neptunium-237, and cesium-137.

Initial sensitivity analysis results (not shown) indicated that time of intrusion was the most sensitive
parameter for the drilling and post-drilling sceharios. Because of the high sensitivity of this variable, a
second set of sensitivity analyses was run for both the drilling and post-drilling scenarios at each of the
4 post-disposal times evaluated in the deterministic analysis'(100, 300, 500, and 1000 years). Elimination
of the dominant sensitivity variable by this procedure permitted better discrimination among the sensitivi-
ties of the remaining parameters.

N.2.1 Drilling Scenario Sensitivity Analysis Results

The sensitivity analysis results for the drilling scenario are presented in Table N.2. The partial rank
correlation coefficients (PRCC) represent the degree to which the ranked value of the associated parame-
ter was correlated with the magnitude of the dose estimate. In addition, a stepwise ranking of the PRCC
for each parameter was used to determine its relative contribution to the total uncertainty in the dose esti-
mate. These values are listed under the "Fractional Contribution to Dose Uncertainty" heading in the
table and are perhaps more meaningful than the PRCC value itself. The totals listed in this column indi-
cate the fraction of the total uncertainty in the dose that is attributable to the listed parameters. The
remaining uncertainty is due to the aggregate of small contributions from relatively insensitive parameters
not included in the table.

For reasons described previously, a correlation was defined between the manual redistribution factor
and the size of the contaminated area in this portion of the sensitivity analysis (correlation coefficient =
-0.75). The PRCC for the manual redistribution factor was consistently higher than that of the
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Table NI. Results of Sensitivity Analysis for the Intruder Drilling Scenario

Fractional
Contribution to

PRCC Dose Uncertainty

100-year Post-disposal
Cesium-137 concentration in grout 0.94 0.40
Manual redistribution factor/ 0.88 0.35
contaminated ama

Soil exposure time 0.86 0.17
Total 0.92

300-year Post-disposal
Cesium-137 concentration in grout 0.91 0.28
Manual redistribution factor/ 0.89 0.36
contaminated area

Soil exposure time 0.87 0.22
Tin-126 concentration in grout 0.53 0.03

Total 0.89

500-year Post-disposal
Tm-126 concentration in grout 0.96 0.40
Manual redistribution factor/ 0.93 0.37
contaminated area

Soil exposure time 0.92 0.18
Total 0.95

1,000-year Post-disposal
Tin-126 concentration in grout 0.97 0.44
Manual redistribution factor/ 0.94 0.33
contaminated area

Soil exposure time 0.93 0.19
Total 0.96

contaminated area parameter, and the contaminated area did not meet the criteria for a sensitive parameter
at any time period evaluated. For completeness, the sensitivity of both parameters should qualitatively
be considered together because of their relatively strong correlation. However, the PRCC and
contribution to dose uncertainty reported in the tables apply only to the manual redistribution factor.

The drilling scenario sensitivity analysis indicates that the grout radionuclide concentrations generally
control uncertainty in the total dose estimate. At 100 and 300 years post-disposal, Cs-1 37 was the domi-
nant radionuclide. whereas longer-lived Sn- 126 became important at the later times. This corresponded
to the results for the deterministic analysis, where Cs- 137 and Sn-126 were the major contributors to dose
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at the early and late post-disposal times, respectively. Other parameters related to the external exposure
pathways (soil exposure time, manual redistribution factor, and contaminated area) contributed
substantially to the total dose uncertainty as well. It would be expected that the grout radionuclide con-

-centrations should be somewhat less subject to uncertainty than the other parameters related to future
events, which are more difficult to predict prospectively. For the drilling scenario, parameters related to
the internal exposure pathways (soil ingestion and inhalation) were of low sensitivity relative to the
external exposure pathway parameters, which were responsible for more than 89% of tha uncertainty in
the total dose estimate.

N.2.2 Post-drilling Scenario Sensitivity Analysis Results

The sensitivity analysis results for the post-drilling scenario are shown in Table N.3. As with the drill-
ing scenario, the PRCC and relative contribution to the total dose uncertainty are shown for each sensitive
parameter at four post-disposal times.

The results for the post-drilling scenario are similar to those from the drilling scenario, with radio-
nuclide concentrations and parameters related to the external exposure pathways dominating total uncer-
tainty in the final dose. The controlling radionuclide concentrations are the same as for the drilling
scenano-Cs-137 at early post-disposal times and Sn-126 at later times. Parameters related to the
internal exposure pathways also make minor contributions to the dose uncertainty in this scenario. The
ingestion pathway appears to contribute 2-3% to the total uncertainty at early post-disposal times via the
soil-to-plant concentration ratio parameter, which determines plant uptake of radionuclides. At the later
times, inhalation parameters (exposure time and mass loading of resuspended soil in air) represent a com-
parable fraction of the total uncertainty. Again, the external exposure pathways are responsible for
greater than 85% of the total uncertainty in the dose estimate for this scenario.

N.3 Irrigated Farm and Columbia River Scenarios

The irrigated farm and Columbia River scenarios will be discussed together because of their similari-
ties (refer to Exhibit M. I in Appendix M for a scenario comparison). In both scenarios, exposure occurs
in a family farm environment via the use of radionuclide contaminated groundwater (irrigated farm) or
surface water (the Columbia River) for irrigation and domestic purposes. The family farm scenario
evaluates dose to an individual, whereas the river scenario considered collective dose to the entire down-
river population. Because collective dose in the river scenario is directly correlated with the number of
people exposed to radioactive materials in the river, parameters related to the magnitude of the population
were not evaluated in the sensitivity analysis. The variable parameters included in the sensitivity analy-
sis, and the assumed distributions of their associated values, are indicated in Table N.4.
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Table N3. Results of Sensitivity Analysis for the Intruder Post-drilling Scenario

Fractional
Contribution to

PRCC DoseUncertainty

100-year Post-disposal
Soil exposure time 0.91 0.29
Cesium-137 concentration 0.89 0.26
Manual redistribution factor/ 0.86 0.36
contaminated area

Soil-to-plant CR 0.58 0.03
Total 0.95

300-year Post-disposal
Soil exposure time 0.90 0.27
Manual redistribution factor/- 0.87 0.48
contaminated area

Cesium-137 concentration 0.83 0.14
Soil-to-plant CR 0.51 0.02

Total 0.91

500-year Post-disposal
Manual redistribution factor/ 0.84 0.49
contaminated area

Tin*126 concentration 0.82 0.16
Soil exposure time 0.77 0.13
Mass loading 0.67 0.07
Inhalation exposure time 0.61 0.04

Total 0.89

1,000-year Post-disposal
Tin-126 concentration 0.88 0.25
Manual redistribution factor/ 0.87 0.43
contaminated area

Soil exposure time 0.86 0.17
Mass loading 0.57 0.03

Total 0.88
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Table N.4. Parameter Values Used for Sensitivity Analysis of the Irrigated farm and
Columbia River Scenarios

Range of Values

Parameter (units) Scenario minimum centmla maximum PDF()

Annual soil exposure time (h) Both 1000 4383 4383 U
Annual inhalation exposure time (h) Both 1000 8766 8766 U
Daily soil ingestion rate (mg) Both 50 100 150 T

Mass loading (g/M 3) Both IE-5 IE-4 IE-3 U
Irrigation application rate (in/y)0 Farm 16.2 32.4 48.6 U

River 0 25 32.4 T
Irrigation application duration Farm 1.5 5(d) 6.5 T
(mo/y) River 0 6.5 6.5 U
Fraction of roots in upper soil layer Farm 0.75 1 I U
Above-ground biomass (wet kg/m2 ) Farm U
leafy vegetables 1.0 2.0 3.0
other vegetables 1.0 2.0 3.0
fruit 1.5 3.0 4.5

Growing time (days) U
leafy vegetables Both 30 90 90
other vegetables Both 30 90 90
fruit Both 60 90 90
fresh feed Farm 45 60

Consumption rate (kg/y) U
leafy vegetables Farm 2r- 4.1 6.2

River 8.2 17 24.7
other vegetables Farm 7.0 13.9 20.9

River 27.5 55 82.5
fruit Farm 3.5 7 10.5

River 17.5 35 52.5
beef Fann 11.0 22 33.0

River 25.0 50 75.0
poultry Farm 2.3 4.6 6.9

River 5.2 10.5 15.7
milk Farm 25.4 50.8 76.4

River 57.5 115 172.5
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Table N.4. (contd)

Range of Values

Parameter (units) Scenario minimum central', maximum PDF1b

eggs Farm 5.3 10.6 15.9
River 12.0 24.1 36.1

fish River 3E-4 3E-3 3E-2

drinking water (1/y) Both 295.0 655 1455

(a) The central value indicated for the range is that used in the GENII scenario DF evaluation. Mini-
mum and maximum values indicate the ranges defined for the specified PDFs.

(b) The probability distribution function (PDF) chosen for each parameter range is indicated
(U=uniform, T=triangular, LU=loguniform).

(c) Within each scenario, the irrigation application duration and rates are correlated with a correlation
coefficient of +0.75 for each terrestrial food (leafy vegetables, other vegetables, and fruit), animal
feed crop (fresh forage for milk and beef, and stored feed for milk), and the external exposure
calculations.

(d) This value used as the central point of the triangular distribution. The deterministic dose estimate
evaluation used 6.5 mo/y as the irrigation duration. The skewed triangular distribution was
assumed to best represent the arid region in which the Harford Site is located.

The farm and river scenarios were evaluated for each radionuclide separately, assuming a unit con-
centration in ground- or surface water. Only radionuclides that were major contributors to dose in the
deterministic calculations were considered for the sensitivity analysis, specifically selenium-79, tin- 126
technetium-99, cesium-135, iodine-129, and neptunium-237. In addition, several parameters that were
found to be of low sensitivity for the irrigated farm scenario were not evaluated in the sensitivity analysis
for the Columbia River scenario. These parameters included the fraction of mots in the upper soil layer,
the above-ground biomass for food types, and the growing time for fresh forage for beef and milk.
Because of the similarity in exposure pathways for the two scenarios, they were assumed to be relatively
unimportant in the river scenario based on the results of the irrigated farm analysis.
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Table N.5. Results of Sensitivity Analysis for the Irrigated Farm Scenario

Fractional
Contribution to

PRCC Dose Uncertainty

1-129
Drinking water consumption 0.96 0.72
Milk consumption rate 0.82 0.11
Milk fresh for. irr. rate 0.64 0.01
Beef fresh for. irr. rate 0.60 0.03
Beef consumption rate 0.55 0.02

Total 0.89

Tc-99
Drinking water consumption 0.90 0.41
Milk consumption rate . 0.84 0.24
Milk fresh for. inr. rate 0.67 0.09
Beef consumption rate 0.64 0.06
Beef fresh for. irr. rate 0.63 0.06

Total 0.86

Np-237
Drinking water consumption 1.0 1.0

Cs-135
Drinking water consumption 0.91 0.43
Beef fresh for. irr. rate 0.81 0.15
Beef consumption rate 0.79 0.15
Milk consumption rate 0.60 0.04

Total 0.79

Sn-126
Beef consumption rate 0.90 0.32
Beef fresh for. irr. rate 0.89 0.30
Drinking water consumption 0.66 0-06

Totl -0.68

Se-79
Drinking water consumption 0.94 0.58
Beef fresh for. irr. rate 0.79 0.11
Beef consumption rate 0.77 0.11

Total 0.80

N.10
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Table N.6. Results of Sensitivity Analysis for the Columbia River Scenario

Fractional
Contribution to

PRCC Dose Uncertainty

1-129
Milk fresh for. irr. time -0.67 0.20
Beef fresh for. irr. time -0.56 0.17

Total 0.37

Tc-99
Milk fresh for. irr. time -0.62 0.07
Milk fresh for. irr. rate 0.55 0.15
Beef fresh for. irr. time -0.54 0.14
Milk consumption rate 0.52 0.14

Total 0.50

Np-237
Drinking water consumption 0.88 0.67
Leafy veg irr. time -0.59 0.09

Total 0.76

Cs-135
Beef fresh for. irr. time -0.75 0.40
Milk fresh for ir. time -0.54 0.06

Total 0.46

Sn-126
Beef fresh for. irr. time -0.88 0.61
Beef consumption rate 0.57 0.07

Total 0.68

Se-79
Drinking water consumption 1.0 1.0

N3.1- Irrigated-Farm and River-Scenario Sensitivity Analysis Results

In contrast to the intruder scenarios, the sensitivity analyses for the irrigated farm and river scenarios
were dominated by parameters related to the ingestion exposure pathways (Tables N.5 and N.6). Drink-
ing water ingestion was the only sensitive parameter for Np-237 in d'- farm scenario, and it controlled the
uncertainty in total dose for all other radionuclides except Sn- 126. r'arameters related to the animal
product ingestion pathways (especially beef and milk production) were most significant for Sn-126, and
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also contributed substantially to the uncertainty for other radionuclides (except Np-237) in the irrigated
farm scenario. The combined contributions to uncertainty for these pathways represented 68 to 100% of
the total uncertainty in the dose estimate.

For the Columbia River scenario, uncertainties in the dose estimate were much less sensitive to the
drinking water consumption parameter, with the exception of Np-237 and Se-79. For these nuclides,
drinking water consumption was the controlling pathway and accounted for 67-100% of the total uncer-
tainty. The leafy vegetable ingestion pathway also contributed a significant fraction of the total for
Np-237. For the remaining radionuclides, the dose was most sensitive to the animal product consumption
pathways, however in these cases the sensitive parameters represented a smaller fraction of the total
uncertainty (less than 70%) than was the case for the farm scenario.

N.4 Irrigated Home Garden

The irrigated home garden scenario considered the consumption and irrigation of crops with contami-
nated groundwater. The parameters used in the uncertainty analysis for the irrigated home garden sce-
nario are identical to those used in the irrigated farm scenario (see Table N.4). except for the following:

* No animal products were consumed.

" The minimum fruit growing time was 30 days rather than 60 days. The shorter growing time was
used to reflect the growth of ben-ies, rather than assuming primarily tree fruit harvests.

The sensitivity analysis was conducted separately on each radionuclide, assuming a unit concentra-
tion in groundwater. Only radionuclides that were major contributors to dose were considered for the
sensitivity analysis, specifically selenium-79, tin-126, technetiuxn-99, cesium-135, iodine-129,
neptunium-237, and uranium-234.

Drinking-water ingestion was the most sensitive parameter of the home garden scenario for all radio-
nuclides, responsible for more than 74% of the uncertainty in the final dose estimate (Table N.7). For
uranium-234, the inhalation pathway parameters are also marginally sensitive.

N. 12
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Table N.7. Results of Sensitivity Analysis for the Irrigated Home Garden Scenario

Fractional
Contribution to

PRCC Dose Uncertainty

1-129
Drinking-water consumption 1.0 1.0

Tc-99
Drinking-water consumption 0.96 0.92
Other vegetable consumption 0.73 0.03

Total 0.95

Np-237
Drinking-water consumption 1.0 1.0

Cs-135
Drinking-water consumption 1.0 1.0

Sn-126
Drinking-water consumption 0.96 0.74
Soil exposure time 0.92 0.20
Home irrigation rate 0.86 0.05

Total 0.99

Se-79
Drinking-water consumption 1.0 1.0

U-234
Drinking-water consumption 0.99 0.99
Mass loading - 0.55 0.005
Inhalation exposure time 0.51 0.0025

Total 0.9975

N. 13
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Appendix 0

A Conceptual (Qualitative) Description
of the Best Estimate Case

C. T. Kincaid, Pacific Northwest Laboratory

0.1 Abstract

This is a conceptual description of theItest estimate case or perhaps a suite of best estimate cases.
This qualitative discussion of how we see contaminants leaving the waste disposal system includes a brief
description of the physical setting and general conceptual model, and a brief discussion of exposure path-
ways to justify the attention given to the subsurface pathway. The majority of the appendix is devoted to
a description of the elements or components in this highly engineered disposal system, and to our concep-
tual model of the'occurrence of fluid flow and contaminant transport over the short- and long-term as the
engineered system degrades and allows contaminants to release from grout. A brief listing of the initial
and boundary conditions complete the qualitative presentation of the best estimate case.

The purpose of this qualitative description is to provide a basis for the development-of model
parameter values for simulations of the best-estimate case(s) that correspond to the expected performance
of the system. Toward that end this appendix describes the role of individual elements in the engineered
system. The function each component plays in long-term containment and release is outlined in our dis-
cussion of fluid flow and contaminant transport. This conceptual model strongly influences how model
parameters for simulating the flow of water and the transport of contamination will be determined.

The major elements of the engineered system described in the appendix are as follows: permanent
isolation (Hanford) barrier, RCRA cover backfill soil; gravel: asphalt barrer; RCRA flow grid, catch
basin, and sump; thermal insulation board; steel-reinforced concrete vault; and grout. Future performance
of the engineered system is cast in four blocks of time; 0 - 100, 100 - 10', 10' - 10', and 10' - 10' years.
Because of the relatively high uncertainty associated with future material properties and the timing and
magnitude of degradation, we have chosen to describe the long-term character of the engineered system
and the w:re it contains in these progressively longer time periods. While arbitrarily assigned, these
time periods are the resuliof iP.n-asing uncertainty with increasing time regarding when a given degrada-
tion process (e.g., rebar corrosion and seismic stresses) will yield significant degradation to the structural
integrity of the system (e.g., through-wall cracking of the concrete vault or asphalt barrier) which leads to
a breach in the engineered containment barriers.

0.1
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This appendix is a record of the consensus achieved regarding the conceptual model for simulating
releases and consequences from the disposal of grouted wastes in the proposed engineered system. The
next step of selecting and testing submodels and estimating model parameters was not undertaken. Simu-
lations of one or more best estimate cases were not undertaken either. However, this conceptualization
provides a valuable basis for understanding the relevance of those conceptualizations and simulations
completed and pesented in this performance assessment.

0.2 Description of the Physical Setting and General Conceptual Model

The grout waste management area covers approximately 9 x I 0 m2 and the base of vault structures
will be 60 to 70-m above the water table of the unconfined aquifer. The 33 vaults containing grouted
waste will be paired and placed in rows as shown in Figure 0.1. The location of this and other grout pro-
gram facilities with respect to other Hanford facilities is described in Chapter 2 of the PA.

The PA analysis of the 33 vaults is derived by developing the source tenn for the saturated zone
groundwater model from analysis of an idealized two-dimensional vertical cross section (see Figure 0.2)
which -captures -the symmetric half (see Figure 0.3) of a pair of vaults located in the vadose zone, i.e., a
single vault is analyzed because each pair of vaults shares a single RCRA cover. Two primary assump-
tions of the conceptual model regarding the substitution of the two-dimensional cross section for the fully
three-dimensional field setting are (1) the design and performance of each vault is similar with respect to
its engineered systems and its underlying geohydrology, and (2) the flow of water and transport of con-
tamination are predominantly in the vertical direction through the vadose zone and into the unconfined
aquifer underlying these vaults. These assumptions are based on our knowledge of the disposal facility
and the natural environment in which it has been placed.

Thus, contamination from the 33 vaults moves downward by convection and diffusion to the water
table. While the vadose zone that underlies the grout treatment facility is relatively deep, it is assumed
the geologic structure-or layering is not sufficiently pronounced-to result in extensive lateral spreading of
contaminants (see Figure 0.2). Unlike the 200 West Area which is underlain by the caliche layer, the
200 East Area lacks dominant layering (Lindberg et al. 1992, Appendix C; Fayer and Rockhold 1993,
Appendix 1) that could result in extensive lateral spreading of contaminants introduced into the subsur-
face. Therefore, vertical movement of water and contamination is expected to dominate over any lateral
spreading.

Conversion of the results from the analysis of a single vault to the field of 33 vaults and the total
inventory is achieved by linear scaleup of contaminant flux. Analysis of flow and transport within the
vadose zone results in calculation of a fractional release from the unit inventory for the two-dimensional
slice of the problem. This fractional release is then applied to the inventory for the entire vault field.
This total contaminant flux is then spread evenly over the waste management area as leachate or contami-
nated recharge to the unconfined aquifer. This calculation does assume that all vaults fail simultaneously.
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While unlikely in an absolute sense, this is justified in light of the time frames of interest, (e.g., thousands
to tens of thousands of years), because failure of vaults and releases of contamination could occur over a
relatively short period of time, (e.g., several hundred years).

Contamination arriving at the water table is assumed to enter the aquifer underlying the waste man-
agement area as a uniform flux (see Figure 0.4). In general, two-dimensional simulation of the vadose
zone results in a distribution of point concentrations entering the aquifer. Use of a uniform flux is a nec-
essary simplification resulting from the scale-up process which involves the fractional release (an inte-
grated flux) from the base of the two-dimensional cross-section and the land surface area associated with
all of the vaults. This is based on an assumption that lateral spreading or dispersion of contamination in
the vadose zone is no greater than the surface area of the waste management area. This incorporates a
degree of lateral spreading or dispersion in the estimate of contaminant concentration leaving the unsatu-
rated zone. This assumption also implies that the development of preferential flow and transport paths
from individual vaults to the water table is improbable. Clastic dikes have been identified within the
grout disposal facility; however, they are not believed to be continuous to the water table. If

Waste Management
Area Boundary

Land Surface
Devoted to

Future Grout Disposal

Figure 0.4. Three Dimensional Schematic Showing the Vertical Projection of the Grout Vaults
Onto the Water Table of the Unconfined Aquifer
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they are found to extend to the aquifer, they could represent a preferential flow path. If present, preferen-
tial pathways for individual vaults would result in different estimates of flux (e.g., earlier) and point con-
centrations (e.g., higher) leaving the unsaturated zone and entering the aquifer however, the effect on
overall release from all vaults is assumed to be small.

0.3 Description of the Exposure Pathways

Exposure pathways provide a route for the radioactive waste to come into contact with the bio-
sphere and human beings. It is important to briefly describe scenarios which identify some of these expo-
sure pathways that involve groundwater because our simulations of the unsaturated zone and unconfined
aquifer provide input necessary for these scenarios. We are analyzing the potential health threat posed hy
contaminated groundwater. Several scenarios are examined which are based on the use or consumption
of contaminated water; e.g., groundwater as a water source for drinking water, for irrigating a garden, for
irrigating a family fann. and water from the Columbia Riverdownstreamn of the site for both a domestic
water supply and a source of irrigation water. An intruder scenario is also included which addresses the
threat to human health posed by exhuming the radioactive waste. Greater details on these scenarios can
be found in the text of the PA in Chapter I and Section 3.3.4.4. Knowing how model simulations are to
be used will be a. factor in determining the output requirements of analyses. Note that exposure pathways
ar fixed and not varied throughout the analysis.

0.3.1 Drinking Water Scenario

Only the drinking water exposure pathway is considered in the drinking water scenario. For this
scenario the limits established for drinking water have been applied to water pumped from a downgradi-
ent well. The performance objective adopted by the grout program for this scenario is a maximum allow-
able dose received from drinking 2L/d of water. This objective is based on a proposed EPA regulation
which allows a 4 mrem/yr effective dose equivalent to the individual who consuwes 2L/d of drinking
water. Doses for this scenario will be based on a water consumption rate of 2 L/d and the ingestion dose
factors recommended by DOE (U.S. DOE 1988b).

0.3.2 Irrigated Garden and Irrigated Farm Scenarios

For the irrigated garden and farm scenarios, all pathways of exposure are considered. A perform-
ance goal of 25 mrem/yr effective dose equivalent for all radionuclides to the maximally exposed indi-
vidual will be used. This is consistent with DOE Order 5820.2A (U.S. DOE 1988a), proposed EPA regu-
lations (proposed 40 CFR 191, see 58 FR 7924; also see Gruhlke, Galpin and Holcomb 1989), and exist-
ing NRC regulation (10 CFR 61).
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0.3.3 River Scenario

The river scenario is also an all-pathways exposure scenario which evaluates dose to the collective
downniver population. Contaminants transported to the river by groundwater are assumed to be mixed in
the total river volume, and the water is used for domestic, agricultural, and recreational purposes by the
downstream population. Results of the river scenario are anticipated to indicate very low doses to the
public because of the large flow of the Columbia River and the low flux of contaminated groundwater. If
results of the irrigated farm scenario easily satisfy the all-pathways dose limit of 25 mrem/yr, an inte-
grated population dose should be calculated for the river scenario.

0.3.4 Intruder Scenarios

For these scenarios, an intruder is assumed to drill a well directly into the grout, thus bringing con-
taminated material to the surface. An individual is then assumed to establish a residence at the site and to
use the area for limited agricultural purposes. The performance goal is a maximum dose for continuous
exposure to the resident of 100 mren/yr. The performance goal for dose to the driller is a maximum total
dose, including committed dose received over 50 years following a one-time exposure, of 500 mrem. The
disposal system incorporates passive controls designed to wam and deter inadvertent intruders for at least
500 years after disposal. Thus, intruder doses will be calculated for 100, 300, 500, and 1,000 years, but
compared to the intruder scenario performance goals 300 years after disposal.

0.4 Description of Elements in the Conceptual Model of the
Engineered System

Elements of the original engineered system and its surrounding environment were described in
Chapter 2 of the PA. Schematic drawings of the two-dimensional structure are shown in Figures 0.3 and
0.5. The role of individual elements of the engineered system in the current design is described below.
Then the long-term containment/release function of each component for this best estimate case is out-
lined. Our conceptual model is the description of how the system is envisioned to function and degrade
in the long term. The conceptual model provides the rationale for choosing model parameters to approxi-
mate the flow of water and transport of contamination.

While material science provides insight into the expected long-term changes in material properties,
long-term forecasts of how an engineered structure containing a waste form will perform are highly
uncertain. This is largely because materials will be used in the engineered system for which only a short
record of performance exists; e.g., the Portland cement being used to construct the primary containment
structure has only been in use for approximately a century, the asphalt being used to construct a combined
convection-diffusion barrier is a separated fraction from a natural petroleum with a short performance his-
tory, and the high-density polyethylene (HDPE) material used in the RCRA drainage net and liners has
only a 35 year performance record. While the performance of materials such as Portland cement and
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asphalt pavement is well documented for structures that are above ground (e.g., bridges, building, high-
ways), little infonnation exists about the performance of these materials below ground. Uncertainty in
forecasts are also a result of the rather near-term focus of the structural design ( i.e., a design or service
life of less than 100 years). As a result materials selection and engineering design are not directly related
to long-term performance. For these reasons, we have chosen to describe the long-term character of the
engineemd system and the waste it contains in progressively longer time periods, i.e., 0 - 100, 100 - 101,
10' - 10, and 104 - 10' years. While arbitrarily assigned, these time periods arise because of the increas-
ing uncertainty with increasing time regarding when a given degradation process (e.g., rebar corrosion
and seismic stresses) will yield significant degradation of the structural integrity of the system (e.g.,
through-wall cracking of the concrete) that in turn leads to a breach in the engineered containment
barriers. If peak doses are not predicted within the 1& year period, or if longer term secondary peaks are
of interest, the simulations should continue indefinitely to be based on the degradation state at the close of
the final period.

A brief description of each of the major elements of the engineered system shown in Figures 0.3
and 5 follows.

0.4.1 Hanford Unconfined Aquifer

If there is a single case developed for "best estimate" it needs to be an irrigation based scenario.
This is the only scenario that will match land-use planning documents and match the irrigated farm and
garden all-pathways scenarios. if several cases are developed, they could examine alternate land-use sce-
narios, e.g., a long-term dormant site or non-irrigated state resulting in long-term 0.1 cm/yr recharge.

0.4.2 Protective (Hanford) Barrier

Located at the soil-atmosphere boundary, this element of the engineered system acts to recycle
annual precipitation to the atmosphere by storing it in 1.5 to 2-m of silt-loam soil until evapotranspiration
can remove the water during the growing season for both shallow and deep rooted vegetation. The details
of this element of the engineered system am not modeled directly in our simulation of the vadose zone.
Rather, the results of the research program studying protective barriers have been used to estimate a maxi-
mum average annual recharge that could occur through the protective barrier (design objective
0.05 cm/yr). Gee et al. (1992) reported the results obtained on the 200 Area Plateau at the Hanford Site
from lysimeters containing silt loam. Lysimeters that were exposed to two times (2X) normal precipita-
tion from 1987 through 1990 produced no drainage regardless of the presence or absence of plants.
Unpublished data from continued monitoring of these lysimeters which have since been exposed to three-
times (3X) normal precipitation reveal no drainage from vegetated lysimeters but drainage through
lysimeters maintained free of vegetation. For the best estimate case a 0.1 cm/yr annual average recharge
rate is assumed to apply based on the existing research; this is conservative with respect to both the
reported research and the design objective of the isolation barrier program.

0.10



WHC-SD-WM-EE-004, Rev. 0

It is not uncommon for questions to arise regarding the response of waste disposal systems to a
greater recharge rate. Greater recharge could be a consequence of a variety of future events. e.g., climate
change arising from changes in greenhouse gases or the onset of the next ice age, unforeseen degradation
of the protective barrier system, or future agricultural land use resulting in irrigation on the Hanford Site
and directly over the waste disposal units. Note that the design life of the protective barrier system is
1,000 years; however, features such as the gravel admix included in the upper soil layer to prevent exces-
sive wind erosion should enable the barrier to function indefinitely. Historically, the possible effects of
greater recharge have been examined by analyzing system response to a uniformly applied 5-cm/yr
recharge rate (U.S. DOE 1987, Appendices o, P. and Q). In this PA we will examine the potential
impacts of greater recharge by simulating the effects of an increase of 5-cm/yr of recharge uniformly
superimposed on present-day recharge for the entire Hanford Site. This will be an envelop or sensitivity
case (i.e., not the best estimate case) which quantifies the potential impact of higher recharge.

0.4.3 RCRA Cover

This cover is located between the base of the protective barnier and upper surface of the asphalt bar-
rier. Its purpose is to limit the rate of recharge moving vertically and directly contacting the asphalt
barrier and the engineered structures containing waste. The design requirement for saturated hydraulic

conductivity, K, of the RCRA cover is less than or equal to - x 10 cm/sWcm /yr). It Is compused of a
mixture of two natural materials; fine soil and clay. The mixture and its field placement will be tested to
assure compliance with the K. requirement. The RCRA cover has a design or service life of 30 years.
However, it is composed of natural materials, and, in the vadose setting at the Hanford Site, it may retain
its unsaturated hydraulic properties and function as designed indefinitely. That function will limit direct

infiltration contacting the waste disposal system to a maximum of 3 cm/yr. In the nominal-case of con-
tinuous 0.1 cm/yr recharge, virtually all of the recharge moves through the RCRA cover. However, in the
high recharge case (=5 cm/yr), the RCRA cover limits direct recharge to 3 cm/yr and redirects the addi-
tional infiltration to the right side of the modeled cross section (see Figure 0.2).

0.4.4 Backfill Soil

Construction of the waste disposal system occurs in an excavation. The vault and its surrounding
engineered system is entirely buried when completed. Excavated soil is stored and later used to backfill
around and above the engineered structure. Soils from the excavations for the first five vaults were sam-
pled and characterized for use in these simulations.

0.4.5 Gravel

Gravel appears twice in the de& - A wedge of gravel is placed immediately above the asphalt bar-
rier, and a layer of gravel is placed in the catch basin. Specifications call for the gravel to be washed and
sieved before placement to remove fines and large rock. Thus, it is uniform and clean, and as a result its
hydraulic characteristics in an unsaturated environment are distinctly different than those of a common
gravel or soil. While such a gravel has a relatively high saturated hydraulic conductivity because of its
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open porosity, it acts as a barrier to water flow in the unsaturated zone because of its relatively low
unsaturated conductivity and its relatively high (near zero) air entry potential. Thus, given any alternative
drainage route requiring lower saturations, water in the surrounding media will move around the gravel
(Jury et al. 199 1.pp. 110- 112). Methods for placing the gravel and overlying material will ensure the
integrity of this layer Gravels with substantial open porosity have existed in the Hanford formation sedi-
ments for thousands at years. Themfore the hydraulic properties of the gravel layer are assumed not to
degrade over time.

The saturated and unsaturated properties of gravel were central to the use of gravel in the waste dis-
posal system design. Its saturated hydraulic properties were the dominant consideration in its selection
for the use as a filler for the catch basin. If a leak occurs in the walls or floor of the steel-reinforced con-
crete vault during the first 30 years, it is important to route the contaminated solution to a sump and
remove it from the system. A leak implies a liquid release from the grout through the concrete vault in
sufficient quantity to cause saturated conditions in the RCRA flow grid (a required RCRA drainage net-
work described in subsequent paragraphs) resulting in drainage to the catch basin. The saturated hydrau-
lics of the uniform and clean gravel in the catch basin cause the contaminated water to flow to the drain
and sump for removal.

The unsaturated hydraulic properties of gravel were a consideration in the decision to place a
wedge shaped layer of gravel above the asphalt barrier. The gravel wedge will be overlain by unsaturated
filter sand. Pressure of the water phase in the overlying unsaturated sand must approach the air entry
potential of the gravel medium before water will move into the gravel. The air entry potential of the uni-
form and clean gravel is high (i.e., very near atmospheric pressure or zero), and water in overlying or
adjacent sand deposits must come nearly to full saturation before such a pressure is reached or exceeded.
Because filter sand is composed of fine soils (low air entry potential) and these same fines are absent from
the gravel (high air entry potential), water infiltrating through the RCRA cover will be routed to the right
side of the waste disposal system (see the modeled cross section in Figure 0.3) in the filter sand rather
than allowed to drain through the gravel wedge.
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0.4.6 Asphalt Barrier

An asphalt barrier"' at least 1-m thick completely surrounds the vault, catch basin, and sump.
Asphalt has three attributes that impact disposal system performance; water does not wet asphalt. wetting
is retarded by an asphalt coating, and asphalt has a low diffusion coefficient. The asphalt barrier contains
more asphalt and has lower air void space than standard asphalt pavement used in highway and road con-
struction. Thus, its wettability and diffusion properties combined with the asphalt and air content specifi-
cations provide a material that should minimize the convection of liquid water and control the diffusion of
contaminants.

The asphalt barrier has been analyzed for degradation. However, the common experience of most
people, that of watching streets, roads, and highway systems made of asphalt pavement degmde, does not
apply directly to the asphalt barrier used in this waste disposal system. The dominant processes leading
to the degradation of the much lower quality and thinner asphalt pavements are direct exposure to daily
and seasonal cycles of heat and cold, freeze and thaw, sunlight, and traffic loads. Contrast this with the
thick and high quality asphalt barrier of the waste disposal system which is buried and not exposed to
sunlight, climatic cycles, or traffic loads.

Processes anticipated to cause asphalt barrier degradation are summarized as follows (see
Appendix Q):

Process or Mechanism Associated Degradation

oxidation of asphalt * Oxidation will initiate at the surfaces of the asphalt barrier. The
bulk of the asphalt in the banner will oxidize over time. This
mechanism will contribute to the brittleness of the barrier.

(a) The design specification for the asphalt barrier calls for an asphalt content of 7.5 ± 0.5% by
weight of the total asphalt mixture. Aggregate pretreated with as anti-stripping additive will
therefore comprise 92.5 ± 0.5% by weight d the total. Placement specifications call for com-
paction to a minimum 96% of maximum density, and to less ltoi 4% by volume of air void
(Kaiser Engineers Hanford Company 1989).

(b) There is 0.46-m (18 inches) of asphalt barrier overlying 0.46-m of asphalt-coated gravel which
form the base of the first four vaults (218-E-16-102 through 105). The remainder of the vault
structure is enclosed by I-m of asphalt barrier. Each of the remaining 29 vaults will be con-
structed with a complete I-rn asphalt barrier surrounding the entire structure.
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* volatilization of asphalt

* age hardening of asphalt

* flow and creep of asphalt

* thermal board disintegration

* short-term seismic stresses

* long-term seismic stresses

- thermal stress

* construction joint weakness

" Volatilization will probably happen early in the life of asphalt
and will result in increased brittleness. The impact of volatiliza-
tion on the flow or creep properties of asphalt will depend largely
on the thennal environment the barrier experiences after place-
ment, i.e., grout cure and radiolytic heating.

* Age hardening and polycondensation reactions affect the bulk
properties of asphalt and will result in an increase in brittleness.
This phenomena could have a significant impact on crack forma-
tion in the asphalt barrier. The rates tend to slow with time but at
some point can inhibit the crack healing processes because of
decreasing ability of the asphalt to flow or creep.

* Based on the above processes that increase brittleness, one sub-
jective estimate is that the barrier will tend to flow and creep for
up to 100 years. However, flow and creep behavior is expected
to constantly decrease and not occur after 100 years.

- Cracks (5-mm; horizontal and vertical) in the wall-roof joint area;
caused by slumping of the asphalt barrier wall in response to ther-
mal board disappearance.

* No cracks; because the probability of significant seismic loading
is low in the near term and the asphalt is relatively ductile.

* Cracks will be extended or initiated in the hardened or embrittled
asphalt and this will accelerate hardening of the overall cross sec-
tion of asphalt. Asphalt hardening should be a surface
phenomena.

* No cracks; because thermal stresses are highest in the first
300 years and the asphalt should be relatively ductile, reducing
the probability of thermal cracking; (thermal events are summa-
rized in the section on thermal insulation board).

* No cracks; because the surface preparations and the healing
nature of fresh asphalt are expected to make this weakness insig-
nificant; this expectation of cold joint strength was partially con-
firmed in tensile testing
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* biodegradation * Biodegradation of exposed surfaces has been confirmed with a
measured value for AR-6000 asphalt of 1.17 x 10" cm/yr (Luey
and Li 1993) after 310 days in contact with wet (70% saturation)
soil; it is postulated that the increased surface area exposed by
cracks could accelerate the biodegradation and result in increased
effective size of cracks; a rate of I x I04 cm/yr is a best estimate
of actual long-term biodegradation in relatively dry soils. Biode-
gradation is a surface phenomena and it is anticipated that the rate
of biodegradation will decrease over time. We also do not antici-
pate the barrier "disappearing;" instead we expect the asphalt to
exist beyond 100,000 years.

The asphalt barrier will be buried in a dark and humid soil environment where biodegradation of
exposed asphalt surfaces by microorganismistan occur. In jddition, the asphalt may loose its elasticity
with time as some components responsible for the elastic and ductile character of the asphalt volatilize
and escape the asphalt concrete during the initial 300 year period associated with grout cure and radio-
active decay. The resulting embrittlement of the asphalt, when combined with the magnitude of potential
seismic events over very long time periods (e.g., 10' - 105 years), results in an increasing potential for the
asphalt barrier to develop through-wall cracks forming a grid pattern on all asphalt surfaces (i.e., top.
sides, and base).

0.4.7 RCRA Flow Grid, Catch Basin, and Sump

A RCRA requirement for double containment is satisfied by these elements of the disposal system
design. The flow grid or drainage net (see Figure 0.5) is composed of high-density polyethylene (HDPE)
strands bonded or cast to form a mesh a minimum of 5-mm thick. Two sheets of flow grid (total mini-
mum thickness of 1-cm) are placed on the outer surface of the reinforce-concrete vault. This is followed
by a 60 mil (1.5 mm) HDPE curtain and a layer of geotextile. The flow grid is designed to direct any
flow of liquids that might escape from the grout through the steel-reinforced concrete vault to the catch
basin which underlies the vault. The basin is filled with uniform, clean gravel described above. Flow
from the basin drains to the sump which will be pumped to remove any drainage from the vault during the
first 30 years of vault service. The real function of this component of the engineered system is to contain
andcapture liquids until the-grout has set and free liquid is removed; a period of time measured in
months.

This RCRA system is designed to have a service life of 30 years because of th- regulatory require-
ments under RCRA. It is assumed that it will function as a preferred path for any .eacnate fmm the waS-
disposal system for a much longer period of time. HDPE material should be chemically inert in the grout
vault environment, even in the presence of radiation. Radiation exposure causes crosslinking of polymer
chains which results in reductions in break strength and break elongation. These effects occur in the
Mrad (10P rad) range, and become most pronounced at doses of 16 to 37 Mrad. However, location of the
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flow grid and curtain outside the concrete wall reduces the dose to about 14 rad. This dose will not have
any effect on the HDPE material. Although HDPE materials have only been in existence for about
35 years, plastics experts (e.g., N.R. Gordon, a plastics expert with PNL) believe that properties of HDPE
should change very little, even for thousands of years. The only significant physical modification envi-
sioned is some reduction of the flow net thickness (originally 1-cm) because of the viscoelastic (creep)
response to external pressures. As is noted in the following description of reinforced concrete, forces
originating in the corrosion of steel reinforcement may impact the flow path material but not the overall
conclusion that a vertical flow path will exist along the walls of the vault for thousands of years.

The catch basin is composed of reinforced concrete and it is assumed it will degrade as the
reinforced-concrete vault is forecast to degrade. Relative movement between the drainage basin and
sump pit should be minimal due to the robust structural interface connecting the two structures, e.g., the
interface is constructed of reinforced concrete and its thickness reaches 4.572-m (15-ft) (see Figure 0.6).
A 26 inch outside diameter riser made of carbon steel connects the sump to the land surface. This riser
protrudes through the asphalt barrier above the sump. Initially, the sump is filled with gravel to provide
volume stability. During closure of the facility, the riser and sump are to be backfilled with a grout
slurry. Corrosion of the carbon steel may provide a release pathway if saturated conditions were to exist
in the catch basin and sump, and if the asphalt barrier continues to act as an impermeable barrier, (i.e., if
the asphalt barrier presents a perfect 'bath tub' situation). It is not envisioned that the basin and sump
will function in this way; rather, that liquid under positive pressure (saturated ponding in the catch basin
and sump) would drain through the intact or degraded engineered system before significant levels of
ponding could occur within the structure.

0.4.8 Thermal Insulation Board
In addition to the 1-cm (minimum thickness) flow net, there is a 2.54-cm (1-in) minimum.thickness

layer of relatively porous thermal insulation board. This material is placed between the flow-net/HDPE
curtain/geotextile and the asphalt barrier as illustrated in Figure 0.5. It insulates both the steel-reinforced
concrete and the HDPE materials from the thermal shock of the asphalt barrier material when it is placed
during construction(4 An estimate for the disintegration of this wood-based material is based on know-
ledge of wood disintegration in the anticipated environment (asphalt coated, low moisture, low air availa-
bility). The best estimate is that a slow disintegration will occur. The disintegration of this material is

(a) Specifications (Kaiser Engineers Hanford Company 1989) for the asphalt barrier call for the mix
temperature to not exceed 171 0C (340 0F) at the batch plant, to be not less than 126.5 0C (2600F)
at the rear of the laydown machine during placement, and to be not less than 88 0C (190 0F,
average lift mix temperature) before roller compaction is completed. Data collected during
placement of the asphalt barriers around vaults 218-E-16-102 through 105 demonstrated that
placement temperature was between 143.5 and 1490C (290 and 3000F). Design specifications
for the grout formulation call for grout cure to occur at or below 900C. Estimates of grout
temperature resulting from the decay of radionuclides indicate a broad temperature plateau of
approximately 55 0C (1314F) for a 35 to 50 year period followed by a gradual decline to ambient
temperatures after 200 to 300 years.
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Figure 0.6. Schematic Drawing Showing the Reinforced-Concrete Structure Connecting the Sump to the
Catch Basin
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forecast to occur in the 100 to 1,000 year time period. Disintegration of this material will lead to either
the formation of a void between the flow net and asphalt barrier wall, or to the gradual and continual
compression of the thermal board in response to external loads. In either case, it is anticipated that
slumping of the ductile asphalt barrier wall into the space previously occupied by high-integrity thermal
insulation board will be sufficient to induce cracks in the vicinity of wall-roof joints of the asphalt barrier.

0.4.9 Steel-Reinforced Concrete Vault

The vault, catch basin, and sump enclosure are all constructed of steel-reinforced concrete. For the
grout vault geological environment no near-surface faults nor soil liquefaction potentials have been iden-
tified and the potential for seismic stresses to affect the buried structure are low. This was demonstrated
by a 0.35g three-dimensional seismic evaluation of a symmetric quarter of the vault in its final configura-
tion, i.e., filled with grout, (B. V. Winkel, 1992, private communication"l).

The processes anticipated to cause reinforced-concrete material degradation are summarized as
follows (see Appendix Q):

Process or Mechanism

* shon-term seismic stress

* long-term seismic stress

- short-term rebar corrosion

* long-term rebar corrosion

- overburden loads

Associated Degradation

* A three-dimensional symmetric guarter of the vault was analyzed
for a 0.35 g acceleration event and it demonstrated negligible
impact on the design structure.

- Extension of partial cracks and creation of through cracks in the
aged and rebar corroded reinforced-concrete structures.

* Short term rebar corrosion is unlikely because of 1) cathodic pro-
tection, 2) high pH level, 3) low permeability of concrete, 4) rela-
tively low chlorides, and 5) presence of asphalt liner separating
grout from concrete vault.

* Loss of integrity of reinforcing steel and the associated suscepti-
bility to seismic load failure, and localized cracking of the con-
crete surface adjacent to rebar and the associated change in
hydraulic characteristics of concrete surfaces.

- Cracks in unreinforced roof plank joints.

(a) Winkel, B. V. 1992. "Grout Vault Asphalt Barrier Seismic Adequacy, Preliminary Report."
Memo from B. V. Winkel to R. K. Sanan, BVW-23420-92-001, April 21, 1992.
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* corrosion of water stops

* short-term drying shrinkage

" short-termthermal stress

" chemical reactions

* Cracks at constriction joints in walls and floors.

* Relatively tight cracks limited to the surface caused by the dif-
ferent drying rates of exterior and interior concrete.

* Tight cracks on the surface of the concrete are produced by rela-
tively high thermal stress levels resulting from high thermal
gradients caused by heat of hydration during grout core and
cesium decay.

* While some long-term chemical degradation is likely, the conse-
quences should be minimal because chemical degradation reac-
tion products will tend to bond to the concrete and fill cracks.
and relatively few pore volumes of potentially chemically
degrading waters are anticipated to flow through the structure.
Some resealing is expected in seismically-induced crack
openings.

The above listed mechanisms and processes will take their toll over the extended life of the waste
disposal system (i.e., lOW years); however, the reinforced-concrete structure is assumed to exhibit rela-
tively high integrity for 1,000 years. This level of assumed integrity is a result of the initial integrify and

volumetric stability of the structure, the fact that it is buried and thus isolated from the environmental

extremes, and the alkaline character of the wastes. A principal mechanism leading to the degradation of
the integrity of the reinforced-concrete vault is the corrosion of the reinforcing steel and waterstops
caused by the advection and diffusion of waste constituents to the steel surfaces. While unable to quan-
tify the long-term performance of the asphalt liner inside the vault, one should recognize its presence and
the role it will play in impeding the migration of contaminants to the steel.

Two classes of cracks are apparent in the preceding description of processes and associated degra-
dation; surface cracks and through-wall cracks. Cracks are anticipated to occur on all concrete surfaces in
response to rebar corrosion. Degradation of these surfaces could result in the creation of preferential flow
paths from a saturated flow perspective, and in the creation of capillary breaks or barriers to flow from the
unsaturated flow perspective. However, the interior portion of the concrete wall (i.e., concrete between
the interior and exterior rebar mesh) should retain its original high integrity and low hydraulic conductiv-
ity. Releases will not occur solely because of surface cracks. On the other hand, once through-wall
cracks appear, they may represent conduits for the release of contaminated liquid from the grout through

the irceA- oncrete vault.

With th, -eption of the joints between roof-plank sections the structure is assumed to function as
designed for 100 years. During the 100 to 1,000 year period additional degradation of the roof-plank
joints is assumed to be accompanied by degradation of construction joints and the onset of concrete sur-
face degradation resulting from rebar corrosion. In addition to greater degradation of joints and concrete
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surfaces, through-wall cracks induced by rebar corrosion and seismic events are forecast to appear during
the 10 to 10' year time period. During the final time period (10' to 10 5 years) which represents the
indefinite future for the PA analysis, cracks existing after 10' years become wider (e.g., 2-mm) and
through-wall cracks caused by rebar corrosion and seismic events become more closely spaced (e.g.,
0.5-m square grid).

0.4.10 Grout

A considerable and continuing effort exists regarding the formulation of grout and the measurement
of its original properties. Standard methods have been used to determine the leachability of a variety of
grout formulations and the unsaturated hydraulic properties of a single sample. However, the long-term
hydraulic, transport, and attenuation properties of the grout are an area of considerable uncertainty. Dur-
ing the curing process for grout, a cementitious material with a high porosity (55 to 60 % by volume), a
very fine pore structure, and continuously connected pore space is formed. While grout cures and excess
liquid is removed in a matter of months, the actual curing process continues indefinitely, and, in general,
the hydration products of the cement and fly ash continue to be formed, (i.e., hydrated calcium silicate
and calcium hydroxide). During hydration, the hydrated cement gel material incorporates pore water and
forms precipitates on the surfaces of existing solids that border the pores. Thus, the pore structure will
become finer with time as the curing process continues to form hydration products (Dames and Moore
1989).

Care is taken in formulating grout to minimize the potential for formation of expansive minerals
that could cause extreme internal stresses and cracking. The formulation efforts attempt to minimize the
depletion of OH and the formation of gypsum (CaSO4 * 2H20) within the grout. Infiltrating water may
import sulfate into the concrete and grout materials; however, sulfate concentrations in water (Dames and
Moore 1989) contacting Hanford soils are below concentrations associated with the formation of signifi-
cant amounts of expansive minerals.

Grout is designed to exhibit relatively good volume stability indefinitely; however, it is not
designed to develop the compressive strength and other structural properties of concrete. Consequently,
dhe grout could degrade as the reinforced-concrete vault degrades and external (e.g., seismic) loads are
transferred to the grout monolith. Because it will not have sufficient structural strength to bear these
loads, it is anticipated that the grout monolith will experience cracking, fracturing, or a generalized
breakup in response to vault degradation, (i.e., the timing of grout degradation may correspond to the tim-
ing of steel-reinforced concrete vault degradation). The severity of such a degradation process (i.e., tim-
ing and magnitude) and the uniformity of associated cracks are unknown and have not been forecast from
first principles. However, the grout monolith could experience stresses at points where the vault experi-
ences through-wall cracks because of the inability of the vault structure to bear loads at these locations. It
is possible that localized crushing would occur at locations directly opposite corroding rebar and that
crushing would be limited to the grout surface. These weakened regions on the grout monolith could then
be impacted by seismic loadings, and extensive cracks could form. Thus, as a first approximation, one
could assume the grout monolith cracks along planes defined by construction joint cracks in the
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reinforced-concrete vault. This would imply 3 cracks in the walls creating 3 horizontal cracks, I crack in
the floor creating a vertical crack in the center of the cross-section, and 2 cracks crossing the longitudinal
axis of the vault (see Figure 0.9). Thus, the vertical cross section would include 8 blocks, while the
entim monolith would include 24 blocks.

Because of the composition of Hanford soils, natural infiltration percolating into the vault and grout
waste form through fine cracks is anticipated to carry with it dissolved carbon dixoide (CO2). The pH of
the infiltrating water will be nearly neutral, but upon reaching either the concrete or grout, the high pH
pore fluids will cause the CO 2 to react with CaOH and precipitate calcium carbonate (CaCO 3) abruptly in
pores or cracks which conduct the infiltrating waters. This mineral precipitation could cause plugging of
cracks at high pH interfaces, or a more general filling of cracks along crack surfaces.

Infiltrating water from the surrounding soil environment is expected to be imported in limited quan-
tities. Thus, infiltrating water is expected to affect only a small portion of the grout monolith. Typically,
impacts am anticipated at the outer surface of the grout where infiltrating waters bearing dissolved CO,
first contact the grout as a result of convection and diffusion processes, and in the cracks of the monolith
where waters may preferentially flow and diffuse. These impacts will likely be limited to the vicinity of
breaks in the concrete and asphalt barrier which provide the pathway for the infiltrating water and chemi-
cals to convect and diffuse to the grout surfaces and cracks. Note that portions of the grout monolith
characterized by the discharge of pore water to the surrounding engineered system should not be associ-
ated with the precipitation of calcium carbonate, but should be associated with the formation of hydration
products. If grout pore water reaches the vadose sediments with its high pH intact, calcium carbonate
could precipitate in the sediments.

The overall long-term conceptual model is one of a fractured grout monolith; its matrix made up of
blocks of unfractured grout, and its fractures or cracks partially or completely plugged with calcium car-
bonate or hydration products (hydrated calcium silicate and calcium hydroxide). The continuing forma-
tion of hydrated calcium silicate and calcium hydroxide during long-term grout cure should result in a
finer pore structure with time in blocks of unfractured grout. Thus, the unsaturated hydraulic perform-
ance of the unfractured grout would be conservatively modeled using the original (i.e., freshly cured)
unsaturated hydraulic properties measured for grout. The true hydraulic performance of the fractures will
depend on the pore structure associated with the fracture openings. A number of alternatives exist. e.g.,

* cracks are open and represent a discontinuity in the unsaturated material,

* cracks are plugged at points where infiltrating waters contact them, (e.g.. at the pH front), and open
elsewhere,

- cracks are filled throughout their volume v ' calcium carbonate as a result of complete contact
with infiltrating water,
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- cracks are filled with hydrated calcium silicate and calcium hydroxide formed during long-term
cure of the adjacent unfractured grout block, or

- cracks are filled with a combination of calcium carbonate at exterior surfaces, and hydrated calcium
silicate and calcium hydroxide on interior surfaces.

Based on our knowledge of the chemistry of grout, and, in particular, the long-term character of its
curing process, it is assumed that minerals do form in cracked grout. These minerals are deposited in
cracks, and can be envisioned as either fine grained deposits of calcium carbonate along crack surfaces
where waters of different pH would contact one another, or as fine grained deposits of hydrated calcium
silicate and calcium hydroxide formed on grout surfaces that border cracks. As a result, the crack sur-
faces will likely be coated, if not filled, with fine mineral deposits.

0.5 Description of Changes in the Conceptual Model with Time

On the basis of the level of uncertainty in future material properties and in the timing and magni-
tude of degradation of engineered materials, we have chosen to describe the long-term character of the
engineered system and the waste it contains in four (4) progressively longer time periods, i.e., 0 - 100,
1(X - 10, 10' - 104, and 104 - 10' years. The identification of distinct time periods for the simulation of
degraded materials is also justified.on the basis of existing modeling capabilities. State-of-the-art codes
generally consider constant material (e.g., hydraulic, transport) properties and time varying boundary con-
ditions. Such codes can be applied in a step mode; properties are held constant for each time interval and
careful attention is given to ensure a stable and mass conserving simulation following changes to material
properties. The paragraphs that follow are based on the previously described degradation of individual
elements in the engineered system. They present the way it is envisioned that elements of the system will
work as a whole, and how that will change with time.

0.5.1 Conceptual Model of the 0 - 100 Year Period

During the first 100 years the grouted waste and surrounding engineered system is assumed to func-
tion as designed. For example, if a grout vault leaks in its first 30 years of operation, it is assumed the
leaked fluid will be routed by the flow grid or drainage net to the gravel-lined catch basin, by the 4-inch
drain to the sump, and then be removed by pumping for further treannent and disposal. It is assumed that
any significant degradation of the waste disposal system during the first 100 year period of institutional
control would be detected by surveillance or monitoring programs and corrected.

Degradation during this period is anticipated to be limited to surface biodegradation of the asphalt
barrier at the soil-asphalt interface, and cracking at roof plank joints (see Figure 0.7). The rate of biode-
gradation is assumed to be approximately twice the rate described previously for AR-6000 asphalt, (i.e.,
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Figure 0.7. Schematic Drawing Showing the Degradation During the 0 - 100 Year Period, and an
Exploded View of Roof-Plank Joint Orientation and Distribution
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2 x I x 10 cm/yr - 2 x 10 cm/yr). Roof plank joints run the width of the vault and are composed of
unreinforced grout covered by a thin layer of concrete. They are assumed to be cracked by overburden
loading.

Despite this minor cracking of an interior component of the engineered system, the overall system
retains its high integrity and does not allow the convection of waste to the soil environment because the
original 1-m thick asphalt barrier has not cracked. Isolated from the surrounding soil environment by the
hydrophobic asphalt barrier, the fully saturated grout undergoes a temperature pulse (90*C) during cure
and experiences heat generation and temperature buildup (55*C) by radioactive (cesium) decay. The inte-
rior of the vault has an asphalt coating which should eliminate or make negligible any leakage during this
initial 100 year period. The grouted waste is assumed to function as an intact monolith during this period
even if thermal and shrinkage cracks develop.

0.5.2 Conceptual Model of the 100 - 1W Year Period

It is anticipated that degradation after 100 years will have a minor but recognizable effect on the
integrity of the engineered system by the end of the 100 to 1,000 year period. Note that the size and spac-
ing of cracks described below are end-state descriptions, and should not necessarily be associated with the
beginning of the time period.

The asphalt barrier is degraded in two ways during this time period; 1) horizontal and vertical
cracks (5-mm) caused by the disintegration of the thermal insulation board and slumping of the asphalt
barrier walls (see Figure 0.8) appear in the upper corners, and 2) biodegradation takes place on the
interior and exterior surfaces of the asphalt barrier, and on the crack surfaces of the asphalt barrier.
Cracks in the asphaltbarrier are assumed to biocegrade on both sides of the crack, (i.e., the original crack
is bordered by biodegraded asphalt). These cracks in the upper corners are the first through-wall cracks
in the asphalt barrier and they represent an avenue for water to enter and contaminants to leave the
reinforced-concrete vault.

The appearance of through-wall cracks in the asphalt barrier, and the presence of the HDPE drain-
age net, geotextile, and thermal insulation board create a potential for biodegradation on the interior sur-
face of the asphalt barrier. Infiltrating water could enter the engineered system and find its way to the
interior surface, thus providing the necessary environment, (i.e., nutrients and microorganisms), for bio-
degradation to occur on both the interior and exterior surfaces of the asphalt barrier. Thus, interior and
exterior surface biodegradation of the asphalt barrier is anticipated to begin during this time period.

The reinforced-concrete vault is assumed to experience three types of degradation during this time
period; 1) increased cracking at roof-plank joints, 2) through-wall cracks at construction joints caused by
corrosion of steel water stops, and 3) surface cracks on all concrete surfaces caused by rebar corrosion
(see Figure 0.8). The roof-plank joint cracks increase to 1-mm width. Construction joints are assumed to
corrode and become 0.5-mm wide. There are a maximum of five (5) construction joints spaced vertically
in each vault wall. These joints (steel water stops) are placed in the structure at the end of a concrete pour
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Figure 0.8. Schematic Drawing Showing the Degradation During the 100 -10 3 Year Period, and an
-- Exploded View of Cracking on Concrete Surfaces
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to ensure a good seal between one pour and the next. The contractor has the option to construct continu-
ous walls that have no joints. The floor of the vault and the catch basin contain approximately 190 and
130 linear feet of construction joints respectively (see Figure 0.9). Surface cracking of reinforced-
concrete is a result of the onset of rebar corrosion. This cracking does not result in through-wall cracks
during this time interval; however, degradation of the surface does alter its hydraulic properties. For
example, the porosity must increase when the concrete is cracked, the water retention relationships must
also be different for intact and cracked concrete, and the saturated hydraulic conductivity must increase.
These changes may cause the cracked concrete surface to be less conductive than the intact concrete in an
unsaturated setting while being more conductive in a saturated setting. In addition, if saturated conditions
result, the orientation of the surface dictates the flow direction because a preferential flow path is created.
Wall surfaces become vertical flow paths, and floor surfaces become horizontal flow paths.

Following our conceptual model of the grout waste form and its degradation, seismic events and the
transfer of external loads from the concrete vault structure to the grout monolith would cause fracturing of
the grout monolith. Based on the spacing of corroded construction joints and the corresponding creation
of 0.5-mm through-wall cracks at their locations in the concrete vault, when the grout monolith is
exposed to seismic loads it is assumed the monolith will break into eight (8) blocks in the two-
dimensional cross-section analyzed. It is further assumed that grout and concrete vault cracks would
match up horizontally and vertically (i.e., align with the construction joints in the concrete vault).

During this period of time the grout, reinforced-concrete vault, gravel- catch basin, and asphalt bar-
rier should come into hydraulic equilibrium with one another because of the cracks that have developed in
the reinforced concrete structures and the hydraulic communication they allow. This equilibrium will
depend both on the continuity of mass relationship and the constitutive equations adopted for the hydrau-
lic characteristics of each engineered and natural component. Assuming grout is initially fully saturated,
any liquid available for drainage from the grouted waste will drain through the corroded joints, along
preferential flow paths associated with the drainage net and cracked concrete surfaces, into the gravel and
catch basin, and finally into the unmaintained sump.

The current conceptualization of the disposal system focuses on liquid movement. However, a
two-phase study of the vault and barriers is ongoing, and the presence of two (I/4 inch o.d.) stainless steel
gas vents (see Figure 0.10) connecting the gravel in the catch basin to the backfill soil plays an important
role in any model including a gas phase. For the current study, i.e., this performance assessment, the gas
vents are neglected as a pathway for liquids to migrate to the surrounding soil. Similarly, the steel riser
extending from the sump, through the asphalt above the sump, and to the land surface is neglected as a
long-term release pathway. It is believed that liquids under positive pressure (i.e., ponding in the catch
basin) would drain through the degraded concrete structure and asphalt barrier before they would flood
the catch basin and sump causing the gas vents and sump risers to release contaminated liquids.
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Figure 0.9. Schematic Drawing Showing the Position of Construction Joints in the Vault Floor and the

0.5.3 Conceptual Model of the iUP - 10* Year Period

It is anticipated that degradation during this time period will involve continued biodegradation of

the asphalt barrier (interior, exterior, and crack surfaces), a gradual increase in the size of existing con-

crete cracks, and the creation of patterned through-wall cracks in the reinforced-concrete as a result of
rebar corrosion and seismic events (see Figure 0.11). Again, note that the size and spacing of cracks
described below are end-state descriptions, and should not necessarily be associated with the beginning of
the time period.
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During this time period, the asphalt barrier continues to biodegrade. No new through-wall cracks
develop. Biodegradation occurs on the interior and exterior surfaces of the barrier, and on crack surfaces
associated with the horizontal and vertical cracks (5-mm) located in the upper corners of the barrier.
These cracks and their neighboring biodegraded asphalt barrier (e.g., barrier aggregate) still represent the
only through-wall openings in the asphalt barrier.

The reinforced-concrete vault is assumed to experience four types of degradation during thiq tire
period; 1) increased cracking at roof-plank joints, 2) increases in the size of through-wall cracks at con-
struction joints caused by continuing steel water-stop corrosion. 3) increased cracking on all concrete sur-
faces because of rebar corrosion, and 4) creation of through-wall cracks resulting from rebar corrosion
and seismic events. The roof-plank joint cracks increase to 2-mm width. The previously described wall
and floor construction joints are assumed to further corrode and become 1-mm wide. Greater cracking of
reinforced-concrete surfaces is a result of continued rebar corrosion. This corrosion and surface cracking
has now weakened the structure to an extent that through-wall cracks develop (1-mm on I-m grid) during
this time interval. Continued degradation of concrete surfaces alters hydraulic properties even more.
Creation of 'the more prevalent through-wall cracks associated with rebar corrosion and seismic stresses
causes additional flow of fluid from the vault to the catch basin region. As in the previous time period,
this flow follows the preferential flow paths, i.e., through-wall cracks in the concrete, drainage net,
gravel-catch basin, and sump.

Following our conceptual model of grout degradation, seismic events and the transfer of external
loads from the concrete vault structure to the grout monolith would cause additional fracturing of the
grout monolith. Based on the through-wall crack spacing of the concrete vault, it is assumed the grout
monolith will break into I-m cubes. It is assumed that grout and concrete vault cracks will matchup hori-
zontally and vertically.

During this period of time the grout, reinforced-concrete vault, gravel-catch basin, and asphalt bar-
rier should continue to come into hydraulic equilibrium under the conditions of the additional cracks that
have developed in the reinforced concrete structures and the hydraulic communication they allow. The
only through-wall .cracks in the asphalt barrier are still located at the upper comers. While some contami-
nation will discharge from the upper comer of the disposal system, the movement of contaminant is
largely within the engineered structure. Any liquid available for drainage from the grouted waste will
drain through corroded joints and rebar corrosion cracks, along preferential flow paths associated with the
drainage net and cracked concrete surfaces, into the gravel and catch basin, and finally into the unmain-
tamed sump. As in the preceding time period, drainage from the catch basin and sump is assumed to be
directed downward through the degraded structure and driven by any existing positive pressure caused by
a buildup of liquid leached from the overlying structure. Thus, the presence of the gas vents and the
sump riser is again neglected.
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-05.4 -Conceptual Model of the 1"U - 105 Year Period

It is anticipated that degradation during this time period will involve continuing interior and exte-
rior surface biodegradation of the asphalt barrier, continued surface biodegradation in the 5-mm upper
comer cracks, gradual increases in the size of existing surface cracks in concrete structures, an increase in
the size and density of patterned through-wall cracks in the reinforced-concrete, an increase in the size
and density of patterned cracks in the gmut, and, finally, the appearance of patterned through-wall cracks
in the asphalt barrier (see Figure 0.12). The size and spacing of cracks described below are end-state
descriptions, and should not necessarily be associated with the beginning of the time period.

The asphalt barrier is now degraded in two ways; 1) biodegradation of interior and exterior surfaces
of the asphalt barrier and of all crack surfaces, and 2) patterned cracking on all asphalt barrier surfaces
(top, bottom, and sides). The final state of patterned (1-mm on 1-m grid) through-wall cracks in the
asphalt barrier is the result of embrittlement and recurring stresses related to seismic events. The pat-
temed cracking also provides more surfaces for biodegradation. The two-surface biodegradation previ-
ously applied to cracks in the upper comers if the barrier isnow also applied to the patterned through-
wall cracks (see Figures 0.12 and 0.13). These patterned through-wall cracks and their biodegradation
represent a significant flow path between the grouted waste and soil. The density of I-m cracks is so
great (see Figure 0.12b) that it is highly improbable that all cracks would appear at the beginning of this
time period. A more reasonable approach is to assume that cracks develop over some period of time. As
an example, Figure 0.13b shows the timing of the appearance of horizontal cracks in the walls of the
asphalt barrier predicted by a linear model. In this particular model we assume the upper-6omer cracks
appear after 100 years, that thirteen (13) additional cracks appear in the -15-rn high wall, and that they
appear linearly with respect to time over the 100 - 10' year period. Suggested locations for cracks shown
in the schematic columns superimposed on Figure 0.13b are based on the assumptions that a crack will
appear near the bottom early in the time period, and that the progression of crack generation follows a
simple doubling pattern that further divides existing segments of the wall.
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The reinforced-concrete vault is assumed to experience four types of degradation during this time
period; 1) maintenance of established cracks at roof-plank joints, 2) increased size of through-wall cracks
at construction joints, 3) increased cracking on all concrete surfaces because of rebar corrosion, and
4) increased size and density of through-wall cracks resulting from rebar corrosion and seismic events.
The roof-plank joint cracks remain at 2-mm width. The previously described wall and floor construction
joints are assumed to further corrode and become 2-mm wide. Greater cracking of reinforced-concrete
surfaces is a result of continued rebar corrosion. This corrosion and cracking has now further weakened
the structure to the extent that additional through-wall cracks develop (2-mm cracks on 0.5-m grid) during
this time interval.

Continued cracking of concrete surfaces alters hydraulic properties even more. Creation of the
more prevalent through-wall cracks associated with rebar corrosion and seismic stresses causes additional
flow of fluid from the vault to the catch basin region. As in the previous time period, this flow follows
the preferential flow paths, i.e., through-wall cracks in the concrete, drainage net, gravel-catch basin, and
sump. The release continues because of the drainage made possible by through-wall cracks in the asphalt
barrier.

Seismic events and the transfer of external loads from the concrete vault structure to the grout
monolith cause additional fracturing of the grout monolith. Based on the through-wall crack spacing of
the concrete vault, it is assumed the grout monolith will break into 0.5-m cubes. It is again assumed that
grout and concrete vault cracks matchup horizontally and vertically.

During this period of time the grout, reinforced-concrete vault, gravel-catch basin, and asphalt
barrier will come into hydraulic equilibrium under the conditions of the additional cracks that have devel-
oped in the grout, reinforced concrete structures and the asphalt barrier. This implies a hydraulic equili-
brium with the surrounding and underlying soil environment because of the hydraulic communication that
cracks in the asphalt barrier allow. While some contaminant may still discharge from the upper comers,
the dominant flow of water and transport of contaminant will be downward through the cracked and more
conductive asphalt barner. This conceptualization is based on the presence of the drainage net and
cracked concrete surfaces. Under the unsaturated conditions anticipated, the hydraulic properties of these
elements of the degraded engineered system should cause the greatest portion of the release to occur
downward through the fractured concrete and cracked asphalt concrete underlying the vault. Lateral
movement of water and waste across the fractured concrete surfaces and drainage net should be minimal
provided unsaturated hydraulics govern the flow of water in the engineered system.

Consideration of the two stainless steel gas vents in the gravel layer separating the vault from catch
basin, and of the carbon steel riser above the sump will no longer be necessary. It is assumed that dis-
charge through the cracked asphalt barrier will dominate release from the engineered disposal system.
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0.6 Initial Conditions

Initial conditions for the flow of water are outlined below for the various elements of the engi-
neered disposal system, including the backfill soil, as shown in Figure 0.2. Initial conditions for the
transport of contaminant are concentration of zero (c=0) in all materials expect the grout which is
assigned unit concentration (c= 1).

Backfill soil: initially assigned moisture content of 19%vol (10%wt) found to correspond with
optimal compaction of backfill during placement around the present facility.

RCRA cover initially assigned moisture content and related pressure shall be consistent with con-
struction practice (considering optimal compaction and any constraints in placing high clay content
materials).

Gravel: initially in equilibrium with the pressure in the backfill soil which surrounds gravel (this
initial condition is assigned to both gravel deposits: the gravel wedge and gravel drain).

Asphalt barrier initially dry (devoid of any water), contains maximum 4 %vol voids, minimum

16.2%vol asphalt, and 79.8%vol aggregate. The assumption that the asphalt is initially dry is because the
asphalt barrier is created and laid at high temperature. Thus, water is driven off prior to placement and
compaction of the barrier.

HDPE drainage net: initially dry.

Steel-reinforced concrete: initially fully saturated and allowed to drain to reach an equilibrium with
the HDPE drainage net.

Grout: initially fully saturated and allowed to drain to reach an equilibrium with the surrounding
reinforce concrete vault.

Hanford formation: initially assigned moisture content consistent with the infiltration rate being
simulated: 0.1 cm/yr for most cases.

Ringold formation: initially assigned moisture content consistent with the infiltration rate being
simulated; 0.1 cm/yr for most cases.

0.7 Boundary Conditions

Boundary conditions for flow and transport simulations are outlined below for the upper, vertical,
and lower boundaries.
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0.7.1 Upper Boundary Underlying the Protective Barrier

Flow analysis: assign a uniform recharge of

* 0. 1-cm/yr (expected short- and long-term boundary value)

- 5-cm/yr (unexpected greater recharge boundary value)

Transport analysis: create a zero convective and diffusive release boundary. Because the velocity
is already assigned a downward directed value, one need not assign a Dirichlet or fixed concentration
boundary condition to ensure a zero convective component to the release. Thus, one is able to assign a
homogeneous Neumann boundary condition, (i.e., a fixed concentration gradient of zero). This will
ensure zero convective and diffusive release at the upper boundary, but will allow the surface materials to
te contaminatedby upward diffusion-if the diffusive process ran nvercnme the convective process.

0.7.2 Vertical Symmetry Boundaries

Flow analysis: zero velocity normal to symmetry boundaries, (v, = 0)

- left; symmetry with the adjacent vault under the same RCRA cover

Sright; symmetry with the adjacent column of vault pairs

Transport analysis; zero concentraiion gradient normal to symmetry boundaries, (ac/an = 0).

* left; symmetry with the adjacent vault under the same RCRA cover

- right; symmetry with the adjacent column of vault pairs

0.7.3 Lower Boundary at the Water Table -

Flow analysis: the water table forms the bottom boundary of the domain

- pressure head (p) or matric potential (W) equals atmospheric pressure, (p = 0); or total head (p)
equals elevation (z), (p, = z).

Transport analysis: the bottom boundary is the interface between the unsaturated zone and the
water table or unconfined aquifer. As such, contamination from the unsaturated zone should be able to
enter the aquifer by both convective and diffusive processes, e.g.,

q.= cx.q, = aj[vc - D(ac/ax)]
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However, some assumption would need to be made defining the relationship between the concentration
and concentration gradient at the boundary. If this type of boundary condition is not available, the normal
gradient should be assigned a zero value (ac/an = 0). This will force all curie or mass flux to leave the
domain through the convection process and enable one to readily calculate flux as a product of Darcy
velocity and contaminant concentration.

0.8 Comments to be Resolved, July 9, 1993

When efforts to complete the best estimate conceptualizations, parameter estimations, and simula-
tions were stopped in April 1993, this statement of the conceptual model was being reviewed by the
Steering Committee. While time has permitted resolution of some of the comments received at that time,
the following are unresolved comments.

Asphalt barrier: We should have some discussion of the impact of the actual base of vaults 102
through 105 on the overall performance of 33 Vaults.

Seismic events: Some delineation should be made with regard to the approximate time scale
implied by the use of long and short time periods with regard to seismic events. Perhaps some discussion
of relative probabilities of a given seismic event could be used to make the distinction clear.

General description: A general description of the entire engineered system and the functions of the
component pats would provide a good introduction to the sections discussing the degradation of the
components. While Figure 0.2 helps in this regard a summary paragraph of so wouid help with reader
orientation.

Assumed: The word "assumed" is frequently used in the discussion. Where possible the discussion
should be modified to indicate that some basis exists for making the particular assumption being dis-
cussed. This could be based on analysis or technical judgement or whatever. Failure to state the techn-
cal basis for an "assumption" will almost assuredly result in a technical challenge. The rewording of
sentences incorporating the word "assumed" should be considered to make the presentation stronger.

Tlme line: A figure showing the time line of engineered structure degradation would be useful in
keeping a reader on track and present the opportunity to present a comparison of the times that we are
discussing in the PA, with historic events.

Temperature dependence ofproperties: In establishing the properties to be used in the analysis for
the various components of the system, will influence of temperature on the effective diffusivity be
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considered. Information published in 1981 suggest that elevated temperature (25 0C compared to 900C)
can change the effective diffusivities of various constituents in a given waste form by three orders of
magnitude.4)

A Thought Question: Given the discussion regarding the detection of leaks during the first
100 years and regarding the effectiveness of the asphalt liner, what should be our response be if we detect
any fluid in the sump during the first 30 years? Would this indicate that the system had failed and that
recovery was in order? What would be the effect of "early vault failure" on the dose to the public?

Seismic event analysis: The way the seismic events are discussed do not appear to be quite correct.
As I understand the approach, the probability of a seismic event of a given magnitude increases with time.
As such for a particular structure with a life time of 30 years, there is a probability X of experiencing a
seismic event of magnitude M. As the life of the structure is increased, the probability of experiencing a
seismic event of a given magnitude M increases (becomes greater than X). Summarily, for a given
probability of occurrence X the magnitude of the event that the longer lived structure will sustain will
increases (becomes greater than M). But, the absolute timing of the event is largely unknown. As such it
is difficult to say with any assurance that a seismic event of a given magnitude will occur in any given
time period.

Design basis events: One possible strategy that could be used to develop a basis for degradation
and degraded sysrem response would be to develop a series of "design basis events" that the engineered
disposal system would be subjected to at on a predetermined schedule. The disposal system in its
degraded state could be subjected to seismic events to help quantify the integrity of the system over the
long term. Such a series of design basis events could be shown to be conservative based on statistical
analysis of the historic and archaeological record.

SimplifV the writing to assure readability: I (R. Kamesky) found (the description of the best
estimate conceptual model) to be reasonably complete and to have a good fundamental basis (when taken
together with the earlier information presented to the Steering Committee). Realizing that the prediction
of the degradation of engineered barriers and engineered systeriis is highly uncertain, I felt that it was a
credible job. The writing, while clear was, in my opinion unnecessarily complex and needs to be
simplified in the final document to assure readability.

Study of pore-volumes of infiltration contacting waste: The amount of contact between grouted
waste and infiltrating water could be further explored and quantified through simulations by labeling the
infiltrating water, (not the waste in the grout), and tracing the infiltration front.

(a) Barnes, M. W., et al. 1981. "Stability of I and Sr Radiophases in Cement Matrices." Scientific
Basis for Waste Management Vol. 6, pp. 147-154.
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Hydraulics and contaminant release: Prior to simulating "degraded" grout, some comparative
modeling should be performed to determine the implications for contaminant release from different con-
ceptualizations of fractured grout and from assumed hydraulics characteristics of mineral deposits in
cracks.

Backfill soil geochemistry: It would be useful if a discussion regarding the types of rocks and
minerals found in the back-fill soil and/or the gravel was included to provide a basis and justification for
the assumed formation of calcium carbonate as infiltration contacts the cementitious vault and waste.

Unconfined aquifer: A description of the aquifer initial and boundary conditions should be
provided; any changes in climate over time that would lead to changes in water table elevation should be
described or the possibility discussed.

Volume stability: Note the solid nature of the waste and engineered structure result in negligible
potential for loss of volume and settlement.

Figures of I.C. and B.C.: Prepare and include graphic depictions of initial and boundary conditions
for both the unsaturated zone and the unconfined aquifer.

Parameter assignments: Alternate approaches need to be presented for arriving at the most likely
case(s); approaches to modeling the features in the conceptual model; approaches to making parameter
assignments consistent with conceptual model and all field and laboratory data.

Degradation of grout: The document needs a consistent logic for grout degradation: consistent
with mechanisms identified for concrete and asphalt. and consistent with the knowledge of grout from
other DOE sites, e.g., Savannah River.

Corrosion of reinforcing steel: The vault contains cross tie stirrups (No. 5. 5/8 inch diameter rehar)
and it is not clear that corrosion of these stirrups has been considered in crack development estimates.

Natural analogues: Stronger compaasons need to be made between analogues such as Portland
and ancient cements, and the AR-6000 asphalt and natural asphalt.

During the initial 100 to 300 years when temperature cycles occur. (e.g.. (1) asphalt pour.
compaction and cooling, (2) 900C grout cure period, and (3) 550C cesium decay period could cracking
of the asphalt occur during cooling?

Gr-el: There is a need to study several aspects of the integrity of the gravel wedge. How large a
depreshion or soil infiltration -nne can the gravel tolerate before downward drainage would result?
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Hydraulic and transport properties: There is a need to measure and use hydraulic and transport
properties of intact and degraded components of the system, (i.e., asphalt barrier, steel-reinforced con-
crete, grout. gravel, etc).

Degradation: There is need to quantify the degradation possible at key points, (e.g., construction
joints, roof-plank joints, HDPE flow net, gravel).
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Appendix P

Additional Details of Data, Analysis, and Results

The arrangement of this appendix follows the organization of Chapters 3 and 4 of the performance
assessment. The section headings in this appendix identify the corresponding text material from the per-
formance assessment chapters. This appendix is intended to complement the information in the perform-
ance assessment and is not written as a "standalone" document. Additional detail is provided only for
select sections of the performance assessment: thus, if additional information was available to support
Sections 4.1 and 4.3, but not Section 4.2, only Sections 4.1 and 4.3 would be represented here.

P.1 Section 3.2.5, Flow and Transport Models

The stated purpose of the companion text in the performance assessment was to define terminology.
but to do so without relying on or providing detailed equations. In this section a similar presentation is
presented; however, equations are employed tomore clearly illustrate the relationships between predicted
quantities and model parameters. Most material will follow the sequence of topics that appeared in Sec-
tion 3.2.5 of the performance assessment. However, material is appended to the section on water flow on
the following special topics: 1) methods for calculating equivalent saturated hydraulic conductivity and
2) a composite hydraulic model for unsaturated flow in cracked or fractured media. Material on the
special transport topic of methods for calculating equivalent diffusion coefficients follows the Sec-
tion 3.2.5.2 on contaminant transport.

P.1.1 Section 3.2.5.1, Water Flow

Brief descriptions of the equations governing water flow in saturated and unsaturated porous media
are followed by a similarly brief presentation of equations governing water vapor diffusion.

Saturated Water Flow. Water flowing through a porous media is governed by the empirical rela-
tionship known as Darcy's law and the equation describing the conservation of water mass (Freeze and
Cherry 1979). Written in a one-dimensional form, Darcy's law is:

Q =-K h A (P.1)
di-
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where Q = flow rate (W/T)

K = hydraulic conductivity (L/T)

dh/dl = hydraulic gradient (L/L)

h = hydraulic head (L)

I= length or longitudinal spatial coordinate (L)

A = cross sectional area (L2).

In Equation P.1, the flow rate is proportional to the hydraulic conductivity multiplied by the
hydraulic gradient (change in hydraulic head, h, in the direction of flow, 1) and the cross sectional area.
The proportionality constant for this empirical relationship is contained within the hydraulic conductivity.
The average linear velocity of water (v) is the flow rate divided by the cross sectional area of the water.
This cross section is the total cross section (A) multiplied by the effective porosity in the case of ground-
water flow or by water content in the case of unsaturated flow. In equation form, the average linear
velocity is as follows:

v = Q/(An,) for saturated media (P.2)

or

v = Q/(AG) for unsaturated media (133)

where v = average linear velocity, or pore-water velocity (L/T)

n,= effective porosity of a saturated porous medium (-)

0 = volumetric moisture content in an unsaturated medium (-)

and Q and A are as defined above.

Water movement through saturated porous media is governed by the combination of Darcy's law
and the conservation of water mass. The latter is quantified through a simple control volume approach
where the water mass entering and leaving is equated to the change in water mass within the control
volume. Darcy's law is used to relate hydraulic gradient to the rate at which water enters and leaves the
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control volume. Changes in the ability of a porous medium to store water are also related to the hydraulic
head. The resulting basic equation used to describe transient water flow in a saturated porous media is
expressed as follows (Freeze and Cherry 1979):

a (K ah ), 7; h a (K ah S A (P4)
Ya( ah d. h

where K,, K, and K. are saturated hydraulic conductivities in the x, y and z directions (L/T), h is hydrau-
lic head (L), and S, is specific storage (L).

Solutionof-this equation-and-its associated initial and boundary conditions provides the spatial dis-
tribution of hydraulic head, h(x,yz,t), at points in space and moments in time. Simulations based on the
above, or similar forms of the groundwater (low equation, also depend on a knowledge of the spatial dis-
tributions of basic geohydrologic parameters of hydraulic conductivity and specific storage, and the fun-
damental geometry of the flow system such as the thickness and aeal extent of the flow system or
aquifer.

Definitions of Potential and Pressure Head. Water movement within the unsaturated zone is
governed by the total water potential, W,, which is the combination of the soil water potential, W., and the
gravitational potential, ip, i.e.,

,= ', +'y (P.5)

Water potential is formally defined (Hanks and Ashcroft 1980, pg 20-28) as the amount of work that a
unit quantity of waer in an equilibrium soil-water system is capable of doing when it moves to a pool of
water in the reference state at the same temperature. The reference state commonly chosen is pure free
water at a specific elevation and temperature.

The soil water potential, W,, is more easily understood if it is broken down into component poten-
tialsvpressure, solute, and matric-potentials, e.g.,

W. = 'p + + (P.6)
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All of the potentials are defined with regard to a unit quantity of water. However, three methods of speci-
fying the unit quantity exist; mass, volume, and weight. If the quantity of water is expressed as a weight,

e I of potent"' t" 1 system are centimeters (cm) of water. If the quantity of water is expressed
as a volume, the units of potential are dynes/cm2 (the same units as pressure).

Weight is one of the most convenient methods of specifying the unit of water potential. Gravita-
tional potential, 4,, is then the difference in elevation of the point in question and a reference point.

The matric potential, V,, is related to the adsorptive forces of the soil matrix (hence the term
'matric"). If the quantity of water is expressed as a weight. matric potential is the vertical distance
between that point in the soil and the water surface of a manometer filled with water and connected to the
soil point in question via a ceramic cup. In an unsaturated soil the water surface of the manometer will
always be below the point in the soil, and the manic potential is a negative quantity. In a saturated soil
(e.g., at and below the water table) the matric potential is generally assigned a value of zero.

The pressure potential, %, applies to saturated soils. Where water is expressed as a weight, pres-
sure potential is the vertical distance from the point in question in the soil to the water surface of a piezo-
meter connected to the point. Pressure potential is zero at and above the level of the water in the piezo-
meter. Below this level, pressure potential is always positive and it increases with increasing depth below
this water level.

.Solute potential, W,, arises because of soluble materials, such as salts, in the soil solution and the
presence of a semipermeable membrane in the system (Hanks and Ashcroft 1980, pg 50-51). A semiper-
meable membrane is a material that allows water to flow but does not permit salts to pass through it. In
soils alone, the solute potential is relatively unimportant in liquid water flow because there are no semi-
permeable membranes. However, cell walls in plant roots do represent non-perfect membranes, and air-
water interfaces are near perfect membranes. In soil physics one is often interested in the salt concentra-
tion that produces a given solute potential. An approximate relationship is given by

= - RTC, (P.7)

where R is the universal gas constant (82 bars cm 3/mol K), T is absolute temperature (K), and C, is solute
concentration (mol/cm3). However, an exact value of C, is difficult to estimate because it is the summa-
tion of all species including the dissociation into ionic species in the soil water.

In general, one is concerned only with liquid water flow in the soil, and the solute component is
assumed to be essentially zero. For liquid water flow in the absence of a solute potential component, the
total potential is,
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I, = yV + I. + yv (P.8)

This combination of potentials appears often in analyses of soil water, and therefore, it has been given the
name hydraulic potential, Yh, (i.e., %V, = , when W, = 0).

Often, in unified models of liquid water flow in porous media, (i.e., those that address water flow in
both unsaturated and saturated domains), the general term used to describe the dependent variable is not
soil water potential, W,,, but "pressure head, h." This terminology evolved from the modeling of saturated
ground water systems which predates the simulation of unsaturated domains, and the use of length (cm)
units to quantity both pressure head in the saturated system and potential in the unsaturated system.
Within the numerical model the dependent variable, pressure, is negative in the unsaturated domain, zero
at the water table of the unconfined aquifer, and positive in the saturated domain beneath the water table.

Unsaturated Water Flow. In the sattrated zone all pores am filled with water, in the unsaturated
zone they are not. A positive water pressure exists in the saturated zone while a negative pressure exists
in the unsaturated zone. Darcy's law and the conservation of water mass still govern the movement of
water; however, Dary's law must be modified to account for capillary forces which affect both the driv-
ing force (pressure) and the hydraulic conductivity in the unsaturated zone. These modifications to
Darcy's law were first recognized by.Buckingham in 1907 (Jury et al. 199 1) and were incorporated into
the governing equation for transient water flow in the unsaturated zone by Richards (193 1). Hence, the
classical equation used to describe transient unsaturated water flow is known as Richards' equation, i.e.,

KK(()) K,(]) + 4{K )() + I (=C()P.9)

where K,(q), K,(i), K(1) = unsaturated hydraulic conductivities (L/T) in the x. y and z directions
which ar a function of pressure head or tension (L/T)

W = pressure head or tension (L) which is dependent on the degree of
saturation, S, or moisture content, 6

C = specific capacitance (L') and is defined as dO/dW

S = saturation is 0/n, where 6 is the moisture content (dimensionless) and n is
the porcity of the media (dimensionless).

The solution of Richards' equation with associated initial and boundary conditions defines the pres-
sure head, 4q(x~y,z,t), in an unsaturated domain at points in space and moments in time. Pressure head is
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converted to total hydraulic head, h(x,y,z,t), by adding the elevation head (z = vertical distance from an
arbitrarily assigned elevation datum) to the pressure head, i.e., h = % + z. It is the gradient of total head
that determines the movement of water in the unsaturated zone. In addition to a knowledge of initial and
boundary conditions, and the geometric constraints of the system (e.g., the thickness and areal extent of
soil layers), simulation of the unsaturated zone requires a knowledge of soil characteristic relationships
for each soil strata or layer modeled. These relationships define moisture content as a function of pres-
sure head, and unsaturated hydraulic conductivity or relative permeability as a function of pressure head,

8 = O(w) (P.10)

K = K(g), or K = KwK,( ) (P)

where K(W) = unsaturated hydraulic conductivity (L/T)

K, = saturated hydraulic conductivity (L/T)

K,(W) = relative hydraulic conductivity, K/K (-). .

Classical examples of characteristic curves illustrating the influence of soil texture on water retention and
unsaturated hydraulic conductivity are shown in Figures P.1 and P.2.

Use of the characteristic curves in numerical models generally requires that the data be described
by analytical models. This technique promotes efficiency in numerical solutions because values can be
determined exactly, thus avoiding interpolation between data points in a table and assuring continuous
derivatives necessary for evaluating the specific capacitance. A number of methods have been developed
to describe characteristic curves. The relationship selected for use in this performance assessment is a
closed-form analytical model for representing the water retention characteristics and unsaturated hydrau-
lic conductivity function, published by van Genuchten (1978).

From the van Genuchten method, the moisture content (0) as a function of pressure head (W) is
given by:

(0 - 8) + 0, (P.12)
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where m = (I -t/n)

0 = the volumetric moisture content

0, = saturated volumetric water content (dimensionless)

0, = residual volumetric water content (dimensionless)

a = fitting parameter (L"), approximately equal to the air entry pressure

n = fitting parameter (dimensionless)

y = the pressure head or capillary pressure head.

The saturated and residual moisture contents, and fitted parameters a and n, are parameters for which
specific values are provided from measured data foreach of the specific materials or soils involved in the
problem set (see Appendix J).

From this relationship, the hydraulic conductivity can be expressed in terms of a pressure relation-
ship as a function of the moisture content. One method developed by Mualem (1976) was used in the
performance assessment to estimate unsaturated hydraulic conductivity from the water-retention data.
Mualem's model is based -on the relationship between the pore size distribution and water retention
characteristics and is expressed by the following equation:

K ~ dS, dS.](.3
K(S,) = Sn (P.13)

S e h h

where K, = relative hydraulic conductivity (dimensionless)

S, = effective saturation (dimensionless).

Based on the best fit of this model to 45 soils. Mualem (1976) indicated that the exponent n should be 0.5.

Van Genuchten (1978) used the water retention function given in Equation P.8 and solved Equa-
tion P.9 analytically. This solution is given in the following expression:
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K = K _ (I - (arnj)"'[(I + (ao)"] -} (P.14)

where m = ( - I/n)

K, = the relative hydraulic conductivity (dimensionless)

W = the capillary pressure head in centimeters of water

K, = the saturated hydraulic conductivity in cm/s

and , n are the fitted parameters. This equation can be used to develop the relationship of pressure head
to unsaturated hydraulic conductivity as depicted in Figure P.2. Parameters specific to the materials
included in this performance assessment and based on available data are presented in Appendix J.

Water Vapor Flow. Water vapor diffusion (or return) will not lead to significant releases of radio-
nuclides while the asphalt barrier remains intact. However, the source of water becomes more significant
if the asphalt barrier degrades and cracks over time. The relative importance of water vapor diffusion is
increased if advection through the grout is limited (e.g., by the capillary break provided by the gravel -

layer currently planned to be placed over the grout vaults). The rate of water vapor diffusion or return to
the grout or concrete surface can be calculated using the following expression of the diffusion equation:

m = -D.... A (P.15)
dx

where m = mass rate of water diffusion to the grout or vault surface (M/T)

A = effective diffusional cross sectional area of the vault (L2)

D, = vapor diffusivity (L2M

dC/dx = gradient of the vapor concentration (M/L3 )

x = thickness of the barrier material (L)

and the change in concentration is calculated using a knowledge of the depression in vapor pressure an,
the ideal gas assumption.

P.9
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Equivalent Saturated Hydraulic Conductivity. Of the five parameters in the van Genuchten-
Mualem model which define unsaturated soil hydraulic characteristics (0, ,, a, n, and K.), only the
saturated hydraulic conductivity, K., can be defined in an equivalent sense based on available literature.
This equivalence can be done rigorously only for saturated applications to fluid flow in porous media.
The application in this performance assessment is to unsaturated fluid flow. Therefore, the unsaturated
hydraulic conductivities nroduced by the van Genuchten-Mualem model using the equivalent K, were
assumed to be appropriately scaled by the relative permeability function. There are actually two classical
equivalent models defined in the literature (Harr 1962, pg. 27)-one for flow parallel to the strata having
different values of saturated hydraulic conductivity, and another for flow perpendicular to the strata.

Assuming fluid flow parallels the stratification (e.g., flow is horizontal in a horizontal crack and in
the media surrounding the crack, or flow is vertical in a vertical crack and in the media surrounding the
crack), the cumulative discharge from the different strata must be duplicated by an equivalent hydraulic
conductivity, K.s. Flow in each strata is driven by the same hydraulic gradient and it also applies to the
equivalent porous media. Thus, as shown by Harr (1962, pg. 27) the equivalent saturated hydraulic con-
ductivity in the direction of flow will be:

K= = [K.: - dmI/d.. (P.16)

where K.N = equivalent saturated hydraulic conductivity (LMT)

K., = saturated hydraulic conductivity of the m strata or layer (L/t)

d, = thickness of the m* strata or layer (L)

d, = total thickness of the computational cell (L) -

n = number of strata or layers in the computational cell.

The equivalent saturated hydraulic conductivity that applies to a computational cell for a porous
media equivalent to a partially biodegraded asphalt is based on the theory of equivalent properties for
flow perpendicular to the direction of stratification (Harr 1962, pg. 27). Assuming water flow is unidirec-
tional and perpendicular to the stratification (e.g., flow is horizontal through a series of vertically aligned
strata, or vertical through a series of horizontal strata), the flow defined by Darcy's equation through each
of the different strata must be equal. However, Darcian flow through each will be driven by a different
hydraulic gradient. This same Darcian flow can be duplicated by an equivalent saturated hydraulic con-
ductivity, K.,, which uses the overall or cumulative hydraulic gradient across all the strata. As shown
by Harr (1962, pg. 27), the equivalent saturated hydraulic conductivity will be:
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(P.17)

where the definition of variables are unchanged from the preceding equation.

Composite Hydraulic Model for Cracks. An alternate conceptual model for incorporating the
hydraulic influence of through-wall cracks consists of a composite model in which the crack properties
(assumed to be those of backfill soil) are combined with concrete matrix properties to form the composite
material's (both cracks and matrix) properties. The composite model (Klavetter and Peters 1986) was
selected because it is based on the assumption that pressure head is the same in both the matrix and frac-
ture. For a given pressure head, the saturations for the fractures (Sr) and for the matrix (S,) are calculated
using the van Genuchten moisture retention curves with backfill soil parameters for Sr and concrete
parameters for Sm. The composite material saturation (S) is calculated by the following equation:

S, - [Sr - ECF + S. (I - ECF) - 0.22581/n, (P.18)

where ECF = effective crack fraction (dimensionless)

0.2258 = porosity of concrete matrix (dimensionless)

n, = effective porosity of composite material [ECF + (1 - ECF) (0.2258)] (dimensioniess).

The relative permeability (k,) of the composite material is given by the following equation:

kSj) = [K, - ECF - kS,) + K. - (1 - ECF) - k,(S.)]/K, (P.19)

where ECF = effective crack fraction (dimensionless)

K, = fracture saturated conductivity = 3 x 10.2 cm/s

k,j = relative permeability of crack = relative permeability of backfill soil as a function of S,
(Mualem model is used) (dimensionless)

K. = matrix saturated conductivity = 3.75 x 10" cm/s

P.11
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k, = relative permeability of matrix (concrete properties) as a function of S. (dimensionless)

K. = composite material saturated conductivity [K 1(ECF) + K.(I - ECF)] (Lf).

P.1.2 Section 3.2.5.2, Contamimiant Transport

Terms am defined and equations presented for transport phenomena in porous media as modeled in
this performance assessment. Additional details are provided for the topics of diffusion and sorption
which appear in the body of the report. In addition, concepts used to determine equivalent diffusion coef-
ficients for diffusion parallel and perpendicular to sediment stratification are given.

Diffusion. Diffusion may be driven by a combination of different forces which may or may not act
in a particular situation. In pressure diffusion, the presence of a significant pressure gradient may cause
some separation of a mixture. In forced diffusion, separation of a mixture may result if there is an
external force acting unequally on different components of a mixture. An example of such a system
would be an ionic solution with differently charged ions under the influence of an electrical field.
Thermal diffusion occurs in systems in which there is a strong thermal gradient present However, in the
vast majority of applications the most important type of diffusion is that which occurs in response to a
concentration gradient. A mom complete discussion of diffusion effects is provided by Bird, Stewart, and
Lightfoot (1960, pg. 567). In this performance assessment, only ordinary diffusion which is driven by a
concentration gradient is considered. The mass of a diffusing contaminant through a given cross sectional
area per unit time is proportional to the negative of the concentration gradient. This relationship, Fick's
first law, can be written as (Freeze and Cherry 1979, page 103):

F = -DE A (P.20)
dl

where F = mass flux per unit time (MT)

D = diffusion coefficient in the conducting fluid (L2MT)

C = solute concentration (M/)

dC/dl = concentration gradient (M/ll), a negative quantity in the direction of diffusion.

The transport of contaminants from the vault and through the engineered system and natural
environment has been modeled using the advection-diffusion equation. Sorption was also considered, but
it will be added to the equation later. If the transport were purely diffusive, Fick's first law would be

P.12



WHC-SD-WM-EE-004. Rev. 0

combined with the equation of continuity for diffusive flux. The differential equation known as Fick's
second law is obtained, which relates the concentration of the diffusing substance in space and time
(Freeze and Cherry 1979, page 104), i.e.,

ac D*C
-y- ax

(P.21)

where D' is the apparent diffusion coefficient for mobile chemical species in the porous media. Apparent
diffusion coefficients for ions in porous media are smaller than in water because ions in the fluid follow
longer, mom tortuous paths as a result of the solid matrix. The apparent coefficient value, D, is related to
the diffusion coefficient in water

D*= * D (P22)

where (a is always less than one and accounts for the tortuosity of the pores. Laboratory values of w
range from 0.5 to 0.01 (Freeze and Cherry 1979, page 104).

The governing equation for advective and diffusive transport can be derived using the control
volume concept and accounting for both advective and diffusive flux. The resulting equat ion of continu-
ity, combined with Fick's first law and the Buckingham modified Darcy's law, yields the following
governing equation:

C a 2C a C C C
D+ + - v -v

,a2 ay 2 9z T_ 17
ac ac

-v - F

where vi = average linear velocity (L/T) in the i* direction. (i= 1,2.3 = x.y,z)

D'= apparent diffusion coefficient (LM

C = solute concentration in the aqueous phase (M/L).

This form of the equation is written for non-reactive, dilute, dissolved constituents in homogeneous, iso-
tropic flow systems under both steady-state and unsteady flow field conditions. Solution to Equa-
tion P.23 provides the distribution of solute concentrations at points in space and moments in time. This
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solution requires knowledge of the average linear velocity along the flow path and the apparent diffusion
coefficient. If the tortuosity correction is neglected, the diffusion coefficient must be known.

Water content is known to affect diffusion, and hence the effective diffusion coefficient, in unsatu-
rated soils (Kemper and van Schaik 1966). The molecular diffusion coefficient for all species in pore
water was assumed to be 2.5 x 10' cm2/s. In this analysis, the effecuve diffusion coefficients for the
RCRA cover, backfill soil, and underlying natural sediments of the unsaturated profile were modified
according to the empirical relationship published by Kemper and van Schaik (1966). The effective diffu-
sion coefficient as a function of the volumetric moisture content is as follows:

D(6) = Db (a) (e w) (P.24)

where D, = effective diffusion coefficient of an ionic species in a particular soil

D, = effective diffusion coefficient of the same species in water.

Data collected by Olsen, Kemper and van Schaik (1965) and Porter et al. (1960) for soils using
sodium chloride as the diffusing species fit the equation with "b = 10" and "a" being a function of soil sur-
face area. The soils used in these studies ranged from sandy loam to clay soils, with the value for "a"
ranging from 0.005 to 0.001, respectively (Olsen and Kemper 1968).

To be consistent with the measured data, values of "a" and "b" were selected as 0.005 and 10,
respectively, for this performance assessment. These coefficients were measured for several Hanford
soils using NaNO3 in a half-cell diffusion experiment. The coefficients determined in the experiments
gave comparable estimates of the effective diffusion coefficients in the soil at expected water contents.

Equivalent Diffusion Coefficients. As in the case of hydraulic properties, there are two classical
equivalent diffusion coefficient models that have been defined in the literature (Crank 1975) and am
applicable to this study--one for diffusion parallel to a suite of strata having different diffusion coefficient
values, and another for diffusion orthogonal to the strata.

The equivalent diffusion coefficient that applies to a computational cell for a porous media equiva-
lent to a partially biodegraded asphalt is based on the theory of equivalent properties of laminates under
steady-state conditions (Crank 1975, pg. 267). Assuming diffusive transport is unidirectional and orthog-
onal to the stradtfication (e.g., diffusion is horizontal through a series of vertically aligned strata, or verti-
cal through a series of horizontal strata), the transport by diffusion through each of the different strata
must be equal. However, diffusive transport through each will be driven by a different concentration
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gradient This same diffusive transport can be duplicated by an equivalent diffusion coefficient, DI,
which uses the overall or cumulative concentration gradient across all the strata. As shown by Crank
(1975, pg. 267), the equivalent diffusion coefficient will be:

Dgq - dw j [d./D4 (P25)

where D,= equivalent diffusion coefficient (L2/yO

D.= diffusion coefficient of mdl strata or layer (L2/r

d, = thickness of the mi strata or layer (L)

d = total thickness of the computational cell (L)

ni = number of strata or layers in the computational cell.

Equivalent diffusion coefficients for computational cells containing a crack are based on a similar
concept. Assuming diffusive transport is unidirectional and parallel to the stratification (e.g.. diffusion is
horizontal in a horizontal crack and in the surrounding media, or vertical in a vertical crack and in the sur-
rounding media), the cumulative transport by diffusion from the different strata must be duplicated by an
equivalent diffusion coefficient, Dq. The same concentration gradient applies to the individual strata and
the equivalent media. Thus, as shown by Crank (1975, pg. 273). the equivalent diffusion coefficient in
the direction of flow will be:

D = r [D. - d-/d .j (P-26)

where the definition of variables is unchanged from the preceding equation. As in the preceding case, and
to be consistent with the hydraulic properties assigned to cracks in the engineered structure, the diffusion
coefficient of the backfill soil is assigned to the crack.

Dispersion. No additional informatik : -equation development included because the dispersion
process was not explicitly modeled.
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Sorption. The transport of some contaminants from the grout waste through the barrier system into
the vadose zone and into the underlying groundwater system will also be affected by the geochemical
interaction of the contaminants with surrounding solids and liquids. The net effect of geochemical inter-
actions is quantified by the linear sorption isotherm model and ultimately by an empirical parameter
referred to as the distribution coefficient (R.). The distribution coefficient is a term used to represent all
contaminant sorption or retardation processes such as chemical pwcipitazion/dissolution, adsorption/
desorption, filtration of colloids, cation-anion exchange, and exchange of stable isotopes with a
radionuclide. Rd is determined in the laboratory on soil samples or estimated from groundwater concen-
trations. This coefficient is the ratio of the amount of sorbed species per gram of solid to the amount of
the species remaining in solution per milliliter. The relationship between the Rd for porous media and the
retardation factor which appears in the transport equation is commonly expressed in the following manner
(Freeze and Cherry 1979):

R = I + (pvG)R (P.27)

where R = retardation factor (dimensionless)

p, = bulk-density of the material (M/L3 )

0 = volumetric water content of the material (dimensionless)

Rd = distribution coefficient (L/M).

For most applications, the retardation factor, R, is assumed to be constant and all associated reaction
mechanisms are assumed to be reversible. These assumptions am based on a more global assumption that
the chemical environment along the flow path remains constant for a given type of porous media or
material.

Use of the linear sorption isotherm model in the transport equation results in an expression whereby
the diffusion and the advection terms are divided by the retardation factor as follows:

D *a2C+ a2C a2C,') aC' _ C aC, R a, (P28)
S+ax - Va,2 . - vI Y - VZ-. = R
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or as it is more commonly written,

D a2C a2 C, +2C, + aC v, C v 7C _FtC (P.29)
R x 2 7 8z2J IR ~ 7" y~ ~

where D = apparent or effective diffusion coefficient for il species (L2m

C = concentration of iP- species (M/L2)

R = retardation factor for jik species.

Note that a retardation factor of 2 will reduce the diffusion coefficient and average linear velocities by
half; a factor of 10 will reduce them by an order of magnitude.

The distribution coefficient is affected by both the surface chemistry properties of sediment min-
erals as well as the solution chemistry of the pore fluids. Vadose zone sediments do not exhibit much
variation beyond pH or cation exchange capacity (Ames and Seme 1991), which are functions of mineral
surface properties. Pore fluid chemistry (e.g., pH. Eh, and dissolved solids) in porous materials is con-
trolled by mineral-fluid reactions and is generally dominated by the minerals present, particularly for
systems with high solid-to-liquid ratios. Also, both vadose zone and groundwater pathways are inhomo-
geneous, which can cause some variation in sorption properties with distance. For these reasons, as well
as the lack of site-specific geochemical data, it is generally accepted that a constant retardation factor
model based on a range of empirically determined values is satisfactory for performance assessment
calculations if sufficient conservatism is included (Ames and Seme 199 1).

Decay. No additional information or equation development included because material in body of
document was sufficient.

P.2 Section 3.3.1, Radionuclides and Chemical Inventories

P.2.1 Daughter Product Ingrowth

In the simulation of transport within the vadose zone, each transport group is modeled using a unit
concentration and neglecting radioactive decay. The ii..iury and radioactive decay for each radio-
nuclide is then applied to the results to calculate groundwater and well concetaions. In cases where
short-lived daughter products are produced and can be expected to be in secular equilibrium with the
parent, the daughter is assumed to be present for the purpose of calculating the dose. However, for
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species with long-lived daughter products, the calculational approach does not allow for ingrowth of
long-lived daughter products during the transport simulation. These daughter products may have trans-
pon properties in the vadose zone that are different from the parent such that the transport of the daughter
may be accelerated or retarded compared to the pamnt radionuclide.

One radionuclide for which the ingrowth of daughters needs to be considered is neptunium-237.
The dose impact of the daughter products can be bounded by an assumption that the daughters exist in
secular equilibrium with the parent radionuclide. Under this assumption, the doses from daughter prod-
ucts are approximately as large as those from neptunium-237. resulting in approximately a factor of two
increase in the drinking-water dose at longer time frames (>200,000 years). Because of the potential sig-
nificance of the daughters in this case, the issue has been examined in greater detail.

Neptanium-237 decays as follows:

neptunium-237 (tj, = 2.2E6 yr) decays by alpha to

protactinium-233 (t1n = 27 day) decays by beta to

uranium-233 (t,, = 1.62E5 yr) decays by alpha to

thorium-229 (t,, = 7340 yrs) which then decays through eight short half-life decays, even-
tually reaching bismuth-209 which is stable.

The additional dose impact is primarily attributed to the activity of thorium-229 and its short half-
life daughters. The question for the performance assessment is whether the thorium-229 will grow into
equilibrium as the neptunium-237 decays during transpon from the grout to the groundwater. Any
uranium-233 or thorium-229 either initially in the grouorproducedin the grout due to radioactive decay
will be held effectively within the grout due to the sorption (model Rd = 2625 versus 125 for
neptunium-237). After release from the grout, uranium-233 generated from neptunium-237 decay would
be transported more rapidly than the neptunium-237 in the soil column (model Rd = 0 versus Rd = 3.0 for
neptunium-237). This would be a beneficial effect since the daughter would be transported out of the
vadose zone and appear in the well primarily as uranium-233. which has a much lower dose impact than
thorium-229. If the uranium-233 undergoes decay to thorium-229 in the soil column, the thorium-229
will be strongly sorbed to the soil (Rd = 21 versus 3 for neptunium-237) and much of it will decay prior to
reaching the well.

A very conservative treatment would be to assume that the neptunium-237 and its daughter prod-
ucts transport at the same rate in the soil column and that the thorium-229 begins ingrowth at the point of
release from the grout. This neglects the beneficial effect of more rapid transport of uranium-233 and the
strong sorption of thorium-229 in the soil. The half-lives of the radionuclides can be used to simulate the
decay and ingrowth of daughters over time. The travel time of neptunium-237 in the vadose zone is
approximately 30,000 years. Figure P.3 shows the ingrowth of uranium-233 and thorium-229 over a
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Figure P3. Ingrowth of Neptunium-237 Daughter Products as a Function of Time

100,000-year period. At secular equilibrium, the activities of thorium-229 and neptunium-237 would be
equal and the resulting doses would be about double, with the majority of the increase being due to the
thorium-229 and daughters. After 30,000 years the thorium-229 is about 8% of the parent activity and at
100,000-years it is 31%. Under these conditions, the drinking-water dose at long times would be
increased by approximately 8%._Even assuming a 100,000-year travel time, the dose would only be
increased approximately 31%. Thus, even without the beneficial effects resulting from greater mobility
as uranium-233 and lesser mobility as thorium-229, the increases in dose are not large.

Based on this analysis, it was concluded that the ingrowth of neptunium-237 would not have a sig-
nificant influence on the dose at the well. Therefore, doses calculated for neptunium-237 in groundwater-
related scenarios do not include the long-lived daughter products. Note that formation of long-lived
daughter products is considered in analysis of the intruder and flood scenarios where the inventory is
decayed within the grout and is then disturbed and distributed for the dose calculation.
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P.3 Section 33.3.1, Initial Release Model For Grout

P.3.1 Diffusion in Grout

P.3.1.1 Review of Available Data on Release of Iodine-129 and Technetium-99 from Grout

Technetium-99 and iodine-129 are the most important radionuclides relative to the performance
objectives for groundwater-related scenarios. This section reviews the data available on the release of
iodine and technetium from grout waste forms. The basis for neptunium sorption is provided in
Section P.2.2.1. The various wastes for which grouts have been tested for release of technetium and
iodine are shown in Table P.1. The current formulation for Tank 106-AN waste (currently the first tank
planned for grouting) is also included for comparison. The form of the tracers used in the leach tests is
shown as well.

All leach data presented here used groundwater as the leachant. Data has also been collected using
deionized water. Results obtained when using deionized water are often different than results obtained
when using groundwater. Sometimes release is retarded and other times it is accelerated, but the results
are within a factor of 10 of the groundwater leachant results.

The data for technetium and iodine release from phosphate/sulfate waste (PSW) grout are fairly
comprehensive. Experiments have been conducted with two different specimen sizes and two different
waste form loadings, and the leaching has been done using two different test configurations. Table P.2

Table P.1. Dry Blend Formulations and Tracers Used in Technetium and Iodine Leach Tests

PSW (70% Current
phosphate. 30% T-106-AN 106-AN

sulfate) CRW (actual waste) DSSF Formulation

Dry Blend Constituents (wt%)
Portland cement type 1/11 41 42 5 6 21
Class F fly ash 40 40 47.5 47 68
Attapulgite clay 11 - .. -- 11
Indian Red pottery clay 8 8 --

Calcium hydroxide -- 10 -- -- --

Ground blast furnace slag -- -- 47.5 47 --

Mix Ratio (g dry blend/ 840 840 1080 1080 1007
L waste)

Tracer Form '251 as Nal, (1) "1 as NaI. (I-) Unknown. '"I as NaL (1)
"Tr as NH. TcO4, "Tc as N4 TcO4, Actual waste "Tc as NH TcO,.
(TcO4) (TCO 4) (TcO;)
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Table P.2. Summary of 223-Day Leach Test Results for Iodine and Technetium in PSW Grout
(Serne et al. 1989a)

Tracer Test Configuration
Tracer Concentration Sample ANS 16.1 De
Isotope (mCi/L) Size (cm 2/s) Static De (cm 2/s)

1251 0.05 small 6.1 ± 5.7 x 10" 5.3 ± 0.6 x 10-
'"1 0.05 large 1.3 x 10" --
1251 0.5 small 1.2 ± 0.3 x 101 3.43 ± 2.30 x 10-
12i 0.5 large 1.3 x 10"-

"Tc 0.08 small 1.4 ±0.9 x 10-" 3.0 ± 0.9 x 10"
1rc 0.08 large 2.3 x 10" --

rc 0.20 small 2.8 ± 2.6 x 10-" 3.9 ± 0.4 x 10-"
"Tc 0.20 large 6.8.x 10"

provides a summary of results. Note that the effective diffusivities provided here are based on the
concentration in the bulk grout rather than in the pore fluid. As can be seen in Table P.2. different
effective diffusivities for r are obtained in the two different leach test configurations. The diffusivities
obtained in static leach tests am approximately 30 to 100 times greater than those obtained in the ANS
16.1 leach test. This difference probably is not due to formation of carbonate on the sample because other

species do not have signficantly different behavior between the twovtypes of tests (for example; see-"R,
results in Table P.2) . It is possible that the release of r is affected by the higher leachant-pH in the static
test. The results for TcO; indicate that the effective diffusivity is 2 to 5 times greater in a larger sample.
The reason for this difference is not known.

The leach results for technetium and iodine in cladding removal waste (CRW) grouts are shown in
Table P.3. For this waste, tests have been run with a constant waste loading (0.5 mCi/L I- and
0.036 mCi/L TcO) and a singfe sample size, but the leaching has been conducted in several different
configurations. In addition to the data shown in Table P.3, data on release from crushed grout has also
been obtained. The leach tests were conducted for periods of 200 to 425 days with two to four replicates.
As with PSW results, U leaches faster than the TcO;. Flow-through tests produced the most rapid release,
while AN S 16.1 tests produced the slowest release. The possibility of advection within the grout and the
possible difference in boundary conditions compared to a static leach test introduces some uncertainty in
the meaning of results for the flow-through tests. Linear pore velocities in the flow-through tests ranged
from 1.7 x 10' cm/h to 2 cm/h, while the calculated effective diffusivities varied by about a factor of 5.

Table P.4 summarizes information available on grout produced using actual waste from
Tank 106-AN. The tests were conducted over a period of only 46 days and only a small number of speci-
mens were tested. In addition, the analysis for iodine- 129 and technetium-99 in the waste prior to grout-
ing and in leachates presented a major challenge. Iodine- 129 was present as a very minor component
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Table P.3. Summary of Leach Test Results for Iodine and Technetium in CRW Grout
(Serne and Wood 1990)

Effective Diffusivity (cm2/s)

Test Configuration 1251 "TcO,

ANS 16.1 0.6 to 1.1 x 10- 1.8 to 3.4 x 10-12
Static 1.6 to 1.9 x IOW 1.7 to 1.8 x 10-"
Flow-Through 2.5 to 3.4 x 10 0.3 to 1.2 x 10-10
Flow-Through, Packed in Soil 0.8 to 4.1 x I0 0.6 to 3.3 x IWO

Table P.4. Summary of Leach Results for Tank 106-AN Grout Leach Results: Test Duration 46 Days
(Serne et al. 1989b)

Diffusivity Obtained in Leach Test
Configuration

ANS 16.1
Isotope (cm2/s) Static (cm2/s)

291 3.1 x 10' .4.5 to 7.3 x 104
"TcO4 3.6 x IoW 4.3 to 6.4 x 104

(activity seven orders of magnitude lower than cesium- 137, five orders of magnitude lower than
strontium-90). The technetium data are also suspect. Original inventory was rather low and
reproducibility of measured values in replicate samples was not good. In general, the data reported in
Table P.4 are likely biased towards higher-than-actual effective diffusivities because of the analytical
difficulties. The approach taken was to assume that analytical results in leachates that were below
detection limits were in fact legitimate values.

ORNL also performed leach tests with deionized water and simulated Tank 106-AN grouts. They
found technetium to leach about 350 times slower than the leach rate determined at Hanford (Tallent et al.
1988).

Data for double-shell slurry feed (DSSF) grouts produced using the dry blend shown in Table P.1
are quite extensive. A summary of the data is provided in Table P.5. Technetium leaching over a
154-day period was studied using specimens of five different sizes and five different waste loadings.
Iodine leaching was studied over a 91 -day period using one specimen size with three different iodine
waste loadings. Both the ANS 16.1 and static leach test configurations were used for each isotope. As in
testing with other wastes, r leaches much faster than TcO; in the DSSF tests. Unlike testing with other
wastes, diffusivities obtained in static tests are not markedly higher than they are in the ANS 16.1 tests.
The leach rate does not appear to be a function of waste loading in the grout for .
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Table P.5. DSSF Grout: Leach Data for l- (91-day tests) and TcO (154-day tests) Using Static
and ANS 16.1 Test Configurations (Seme et al. 1992)

Diffusivity Obtained in Leach Test
Configuration

Concentration ANS 16.1
Isotope (mCi/L) (cm2/s) Static (cm 2/s)

0.5 3.4 x 10 3.7 ± 0.3 x 10"
5.0 4.2 x 10" 8.9 ± 3.8 x 10'

1- 50.0 3.4 x 104 4.8 ± 0.6 x 10-'

TcO% 0.1 1.8 x I0O 6.3 x 10'"
TcO4 0.3 3.2 x 10-10 7.7 x 10-"
TcO 1.0 7.0 x I0" 1.4 x 10'
TcO; 3.0 6.7 x 10" 1.0 x 109
TcO% 10.0 3.0 x 10' 6.1 x 10 0

Data at various sample sizes:
TcO; 0.3 4.0 ± 3.1 x 10' -

On the other hand, TcO; leach data suggest some dependence upon technetium ihventory. The
larger the TcO% inventory, the larger the calculated effective diffusivity. The separate tests for technetium
release as a function of specimen size showed no effects that could be attributed to specimen size, but the
results are not consistent with separate inventory tests on small samples conducted at the same TcO,
loading (0.3 mCi/L). The technetium leach rate from the various sizes of specimens is about a factor of
10 higher than the technetium inventory samples that had the same inventory. Based on this information,
it is concluded that any given grout mixing/curing campaign can add about one order-of-magnitude
variation in leach results for minor contaminants. Additional detail is provided in Serne et al. (1992).

Based on the leach data collected on various grouts, an estimate of the expected effective
diffuisivities for iodine and technetium was made as shown in Table P.6. Some conservatism exists in
these numbers because the calculated effective diffusivity is observed to decrease with the duration of the
leach test. However, experimental work (Lokken 1992) has indicated that the diffusion coefficient for
nitrate in grout cured at high temperature over long time periods increases to values approaching
1 x 10' cm2/s. Because of this, the diffusion coefficients have been degraded prior to their application in
the model to provide a diffusivity for iodine of I x 10 cm2/s. Finally, in the numerical model, the
concentration driving force for diffusion is defined in pore volume of the grout rather than the total grout
-olume. Therefore, the diffusivities are adjusted for use with the pore solution driving force prior to
application in the c-'nliance case models. A summary of the diffusivities selected and used is provided
in Table P.6.
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Table P.6. Selection of Effective Diffusion Coefficients for Compliance Case Models

Degraded
Selected Diffusivity
Effective Assuming High- Compliance Case

Diffusivity Temperature Curing Diffusivity
Contaminant (cm 2/S) M (cm2/s)(- (cm 2/S) ')

1' 5.0 x 10 4  1.0 x 0 5.8 x 10-7

TcO 1.0 x 10-1 2.1 x 10-7 1.2 x 107(c

(a) Concentration driving force based on grout volume.
(b) Concentration driving force based on grout pore volume.
(c) Implemented in model as a diffusivity of 5.8 x 10 cm 2/s and a distribution

coefficient of 2 ml/g.

P.3.2 Sorption in Grout

P.3.2.1 Review of Available Data on Neptunium Leaching from Cement and Cement
Leachate/Sediment Adsorption

At this time, there is not any Hanford grout-specific data for neptunium release or adsorption fmm
leachate onto Hanford sediments. Values used in the performance assessment were chosen to be conserva-
tive estimates based on general literature. Because of the importance of neptunium-237 in the long-term
performance assessment calculations, the data that is available for neptunium is discussed here to provide
some insight into the conservative nature of the assumptions regarding the mobility of neptunium-237.

At present, neptunium has not been spiked into any of the simulated Hanford grout samples that
have been leach tested. The neptunium activity in actual Hanford gouts (phosphate-sulfate and Tank
106-AN) and their leachates have also not been measured although it is appropriate to state that neptu-
nium activities in leachates had to be low because rather detailed nuclide analyses did not detect any
neptunium activity in actual grout leachates. Tank 106-AN leachates were treated with wet chemical
techniques to specifically concentrate and separate various actinides for alpha counting, but only
plutonium-239 and -240, americium-241, and curium-244 were found in some of the samples at very low
concentrations (Seme et a]. 1989).

There have been four neptunium-Hanford sediment adsorption studies documented. In the first,
Bensen (1961) examined the adsorption on minerals of radionuclides in Hanford reactor effluent cooling
water. One of the radionuclides studied was neptunium-237, which was adsorbed on 25 different com-
mon sulfide, silicate and carbonate minerals, crushed to particle size 0.05 to 0.25 mm, in equilibrium tests
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with trace amounts in Columbia River water at 80 0C. According to Bensen, neptunium was adsorbed
poorly or not at all by the minerals tested. The test conditions are not directly relevant to Hanford grout
leachate but the data do suggest that neptunium may be mobile. Routson et al. (1975, 1976) determined
neptunium Rd values for a Washington sand. The properties of this soil are given in Table P.7. The
neptunium Rd values are given in Table P.8. Pre-equilibrations of the soils with nonradioactive solutions
prior to contact with the traced solution containing neptunium-237 were carried out. Calcium nitrate and
sodium nitrate salts were used as calcium and sodium ion sources. Cation exchange of NpO2 cannot be
-the principal adsorption mechanism because Na* concentration essentially does not affect the neptunium
Rd values from no sodium competition to 3.OM Na competition. Calcium has some effect on the neptu-
nium Rd, but much less than there would be if neptunium adsorption were due to ion exchange.

Sheppard et al. (1976) determined neptunium distribution coefficients on two Washington soils.
The distilled water-trace neptunium-237 solutions and soils were equilibrated over long periods of time to
obtain a rate of change per month in the distribution coefficient values. The 50-day values are given in
Table P.9. A positive value for the monthly change in the distribution means an increase in the size of the

Table P.7. Properties of Hanford Soil (Routson et al. 1976)

Soil

Washington Soil
(Burbank sandy loam)

CaC0,
mg/g

Silt, Clay,
wt% wt%

0.8 10.1 0.5

Table P.8. Neptunium Rd (ml/g) as a Function of Soil and Solution (Routson et al. 1976)

Calcium
0.002 M 0.2 M

2.37 0.36

Sodium
0.015 M 3.0 M

3.9 3.2

Table P.9. Neptunium 50-Day Distribution Values Computed from Sheppard et al. (1976)

Soil Identity

Burbank loamy sand
Ritzville silt loam

Neptunium Distribution,
MlI/g

15.4
S2

Monthly Change in
Distribution, %

+48
+28

P.25

CEC,
meq/100 g

4.9

pH

7.0

Soil

Washington
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distribution value. The distribution was detennined in the same way that a Rd value is determined, but
does not have the connotation that equilibrium has been attained.

The neptunium Rd value of about 3.9 ml/g was given by Routson et al. (1975, 1976) for the
Burbank sandy loam without sodium in the solution. Sheppard et al. (1976), apparently for the same con-
ditions, gives a neptunium 50-day distribution coefficient value of 15.4 ml/g for Burbank sandy loam and
states that this value is increasing at the rate of +48%/month. At 100 days, the distribution coefficient
was approximately 50 ml/g on the Burbank sandy loam. The differences between the neptunium Rd of
Sheppard and Routson are disconcerting given the fact that Sheppard's soil sample was obtained from
Routson. However, Sheppard showed that his Burbank sample contained 21.2% silt and 2.8% clay with a
pH of 8.1 and a cation-exchange capacity of 5.94 meq/100 g compared to Routson's Burbank soil sample
(see Table P.9). Sheppard's Burbank sample must have contained calcite (CaCO3) to attain a pH of 8.1.
There is no evidence in Sheppard et al. (1976) that his soil samples were pre-equilibrated in any way with
the nonradioactive solution before the neptunium tracer was added, or that a blank solution without the
soil was run with the soil equilibrations for reference and to observe container adsorption. In addition,
Sheppard reported that his neptunium-237(V) in the aqueous phase equilibrating with Ritzville soil could
be partially filtered on Whatman number 50 filter paper. Routson. on the other hand, reported that upon
filtering previously centrifuged samples of solution containing neptunium and in contact with Burbank or
South Carolina subsoil through 0.01 and 0.45 pm filters, no evidence of colloidal neptunium-237 was
found. This is further evidence that Sheppard's high neptunium distribution values require further eluci-
dation in light of Routson's results.

Serne et al. (1993) measured neptunium adsorption onto a sediment from Hanford's 200 West
Area. The sediment's physical/chemical characteristics are shown in Table P.10. Several adsorption tests
were performed using three distinct solutions. Two solutions represented leachates from solid wastes that
included typical cardboard, paper, rubber, cloth, etc. The two leachates contained significant concentra-
tions, 250 to 500 mg/L dissolved organic carbon. One of the leachates had a pH of 12, resulting from
equilibration with crushed cemen. Aside from the enriched organic content and lower sodium, nitrate,
and other salts present in Hanford grout leachate, this solid waste leachate in contact with cement is quite
similar to DSSF grout leachate. The third solution used in adsorption tests was an uncontaminated
Hanford groundwater. Distribution coefficients for these three solutions traced with NpO2 ions over a
period from 5 to 44 days of contact are shown in Table P.11.

The data in Table P.11 show that NpO2 is not soluble in a high pH environment in the presence of
Hanford sediment. (Most of the neptunium precipitated out of blank test tubes as well as tubes containing
sediment.) These data lead us to conclude that neptunium will likely remain strongly bound within the
grouts and will leach at very slow rates as does the other actinides studied (uranium, americium,
plutonium; see Sene et al. 1989 and Seme and Wood 1990). Any neptunium that does leach into the
highly alkaline grout leachate should react with Hanford sediment and adsorb. The competition of the
high concentrations of sodium and potassium (up to 600 mg/L and 60 mg/L, respectively) should not
lower the Rd value significantly based on the Routson et al. (1976) work on the effects of calcium and
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Table P.10. Characteristics of the 200 West Area Hanford Sediment

Sand, Silt, Clay, CaCO, TOC, CEC, Mineralogy of
% % % % % meg/100 g pH <2 mm, %

87 7 6 2.00 0.2 5.2 ± 2.0 7.9 Plagioclase 26
Quartz 43
Mica/Illite 7
Kaolinite 7
Smectite 3

Table P.11. Neptunium Rd Values (ml/g) for Various Solutions Contacting Hanford Sediment (values
shown as ± indicate one standard deviation based on three samples)

Solution 5 days 44 days Average

Wood/paper leachate 6 2 20 ± 7 13 ± 7
All waste/cement leachate 200 ± 70 > 3,000 > 1.600
Groundwater 14±3 29±4 22±9

sodium competition (see Table P.8) and the Staunton, Clay and Rees (1990) work showing that sodium
does not reduce neptunium adsorption even at very high concentrations (0.1 M).

An Rd value as large as 100 ml/g seems justified for highly alkaline solutions contacting Hanford
sediments. For more neutral pH and dilute waters such as groundwater, a range of 10 to 20 ml/g would
be defensible based on Sheppani et al. (1976) and Seme et al. (1993). A conservative value of 3 ml/g was
used in the performance assessment calculations for neptunium adsorption onto Hanford sediments.

Meyer, Arnold and Case (1985) show that NpO. adsorption onto minerals in the presence of
carbonate is reduced to values of one-half to one-third those when carbonate is not present. Bidoglio.
DePlano and Chart (1983) suggest that NpOl complexes with carbonate/bicarbonate are relatively weak.
In the Hanford grout environment, carbonate is effectively removed in reactions with the Ca(OH). that
fonns during cement hydration. Thus, we might expect neptunium adsorption to be high in the very near
field surrounding the grout vault.

Bondietti (1982) found that neptunium(V), [NpO], adsorption under slightly alkaline pH condi-
tions (pH = 8) onto shale was greater than uranium(VI) and plutonium(IV), Rd = 70 ml/g, whereas under
slightly acidic conditions, pH = 5.8, neptunium adsorption was au -h lower than uranium(VI) and
plutonium(IV) at Rd = 5 ml/g. Girvin et al. (1991) also found the neptunium(V) ads . *ion dramatically
increased on amorphous iron oxyhydroxides as pH was raised above a value of six.
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Allard et al. (1982) found that neptunium adsorption, as well as most metals that hydrolyze,
increased dramatically when the neutral species NpOOH* [for neptunium(V)] and Np(OH)* [for neptu-
nium(IV)J predominates in solution.

One study of neptunium adsorption directly onto Portland cement, 70-year-old weathered concrete,
sulfate resistant cement, high alumina cement, silica cement, fly ash and blast furnace slag was found. In
all cases the solution was simulated pore waters based on the chemical composition of waters in equilibr-
ium for 4 months with crushed material. The pore waters all had pH values between 12.4 and 13.4 and
were predominately at potassium, sodium rich hydroxide solution. Crushed cements between 0.090 and
0.125 mm (very fine sand-sized) were contacted with simulated pore waters that had been traced with
1.9 x 10-'M neptunium(V). Adsorption ratios were measured after 0.25, 1, 6, 42 and 90 days. The tests
were performed in controlled atmosphere chambers free of CO2. The solid-to-solution ratio was 0.02-g
cement/ml of solution. After one day of contact the neptunium adsorption reached a steady-state value of
1.000 to 6.000 ml/g with an average for the different cements of about 2,000 ml/g. Details are found in
H6glund et al. (1985).

The latter article suggests that neptunium solidified in cement is not readily available to leaching
even if it was placed in the cement in its most soluble neptunium(V) form. It is not clear whether the
neptunium is actually adsorbed by cement hydration products, precipitates as insoluble phases or
co-precipitates with hydration phases. We next review articles where neptunium is mixed with solidify-
ing agents and leached by traditional leach tests.

Only one investigation was found where the leaching of neptunium from cement waste forms was
discussed. The article, Ewart et al. (1992), discusses the leaching of neptunium(IV) from concrete under
reducing conditions expected in a deep-geologic repository. At an Eh value of -400mv, the equilibrium
neptunium solution concentration at pH values ranging from 9.8 to 13.0 was 8 x 10 9M. The data suggest
that Np(OH), solid is controlling the release of neptunium and that anionic complexes such as Np(OH);
cannot be very stable. Rai and Ryan (1985) agree that Np(OH)5 must not be a strong complex. Unfortun-
ately. the work with neptunium(IV) solids and reduced solutions may not be relevant to Hanford grout
solidification and subsurface disposal in vadose zone sediments. Oxidizing conditions that will allow
Np02, [Np(V)}, to predominate are expected. Neptunium(V) is much more soluble and may leach more
rapidly from grout. For example, Keiling and Marx (1991) took leachate from a Portland cement-
saturated salt water test and added NpO2(OH) solid in excess. At equilibrium (pH = 12.3), the neptunium
solution concentration was between 2 and 9 x 104M. almost 5 orders of magnitude larger than the Ewart
et al. results on neptunium(IV) dissolving out of concrete. Similar redox sensitive results for neptunium
release from glass and subsequent migration of leached neptunium through glauconite sand were found
by Bidoglio, Avogadro and DePlano (1985). The leach rate of neptunium from glass under oxidizing
conditions was ten times greater than under reducing conditions.

In summary, a distribution coefficient of 10 to 20 ml/g is expected in the vadose zone soils. How-
ever, because of the limited data available a value of 3 ml/g has been selected to assure the analysis is
conservative. In the grout, the distribution coefficient is likely in the range of 1.000 to 6,000 ml/g based
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on the work by Hdglund et al. (1985). However, because the data is not directly applicable to double-
shell tank waste grout, a conservative value of 125 ml/g has been selected within the grout. Although
similar sorption may occur within the concrete as well, no sorption has been assumed in the concrete
regions of the problem.

P.4 Section 3.6.5.3, Sensitivity Cases

This text discusses Cases 2.3C and 2.3D in Table 3.46. Differences between the central sensitivity
case and Case 2.3C and 2.3D are listed below. Because of these differences, it is not appropriate to com-
pare the results of these two cases to those of the central sensitivity case.

* The asphalt and concrete do not have discrete cracks as are present in the central sensitivity
case.

* The grout diffusivity in Cases 2.3C anid 2.3D (5.78 x jqJ c2/s) has been adjusted to account
for the concentration driving force being in the pore solution, which reduces the magnitude
applied in the central sensitivity case (1.0 x I0- cm 2/s) by a factor of 0.5781 (the volume
fraction pore solution of grout).

' The saturated hydraulic conductivity of the barrier is 3 x Mrs5 cm/s (rather than I x 1020 crn/s)
in the asphalt barrier, simulating a I-mm crack every meter.

* The asphalt barrier is given backfill soil water retention properties.

- The asphalt barrier is assigned a diffusivity of 4.2 x l0Y cm2/s compared to I x 10", cm/s in
the central sensitivity case.

* In addition, the simulations were run only for 25.000 years to reduce the computation time
required.

P.5 Section 4.1.1, Vadose Zone Results

In the performance assessment, results were presented for the moisture content and Darcy velocities
for the central sensitivity case at 10,000 years. A number of plots are provided here with additional data
for the central sensitivity case at other times. A contour plot of the moisture content in the system at
100 years is shown in Figure P.4. The corresponding vertical and horizontal Darcy velocities at i& years
are provided in Figures P.5a and P.5b. Figure P.6 shows the moisture content contours at 1,000 years and
Figure P.7 provides details of the moisture content in the upper region of the system. The corresponding
horizontal and vertical Dary velocities at 1,000 years are provided in Figures P.8a and P.8b. Figures P.9,
P.10a, and P.10b correspond to Figures 4.1, 4.2A, and 4.2B, respectively, shown in Chapter 4 and are
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Figure P.4. Central Compliance Case (Case 1.0): Moisture Content Contours for the Vadose Zone at
100 Years. Values at the right indicate the volume fraction moisture at which contours are
drawn.
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Figure P.Sb. Central Compliance Case (Case 1.0): Contour Plots of the Vertical Dary Velocities at
100 Years

P.32



WHC-SD-WM-EE-004. Rev. 0

0.55

80 0.3

0.2
0.15

am 0.1
E2 0.07
V 60 0.06
E 0.055
CD

z5 0.05
0.04.

CD 40 am

20

0

0 15 30

Distance from Centerfine of Vault Pair (meters)

Fig,: e 1.6. Central Comnliance Case (Case 1.0): Moisture Content Contours for the Vadose Zone at
1,000 Years. ,ues at the right indicate the volume fraction moisture at which contours are
drawn.
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Figure P.7. Central Compliance Case (Case 1.0): Details of the Moisture Content Contours in Upper
Vault and Surrounding Vadose Zone Region at 1,000 Years. Values at the right indicate the
volume fraction moisture at which contours ame drawn.

provided here for ease of comparison only. Figure P. I provides additional details of the upper region of
the system in the central compliance case. Figure P. 12 provides the moisture content contours for the
central compliance case at 50,000 years. Figures P.13a and P.13b provide the corresponding Darcy
velocities at 50,000 years.
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Figure P.8a. Central Compliance C .s" V'ase 1.0): Contour Plots of the Horizontal Dary Velocities at
1,000 Years
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Figure R.8b. Central Compliance Case (Case 1.0): Contour Plots of the Vertical (right) Dary Velocities
at 1,000 Years
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Figure P.9. Central Compliance Case (Case 1.0): Moisture Content -'i,wurs for the Vadose Zone at
100 Years. Values at the right indicate the volume fraction moisture at which coi-jurs are
drawn.
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Figure P.10a. Central Compliance Case (Case 1.0): Contour Plots of the Horizontal Darcy Velocities at
10,000 Years. Same as Figure 4.2A in main document.

P.38



WHC-SD-WM-EE-004, Rev. 0

1V 4=E1

75 -ss- 4"
-"4
464

4am

44

12- - - -

ccS

P.39.

4AWs

0 -n

003

P.3



WHC-SD-WM-EE-004, Rev. 0

6MS

N. .O as.0.3

0.25
-" 000C

0007

77 .
.. 6.

-- 
0a 

0.04
.0.0

0 5 10 Is 20 2S
Distanoe (mrners)

Figure P.11. Central Compliance Case (Case 1.0): Details of the Moisture Content Contours in Upper
Vaul t and Surrounding Yaose Zone Region at 10.000 Years. Values at the right indicate
the volume fraction mnoisture at which contours are drawn.
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the volume fraction moisture at which contours are drawn.
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P.5.1 Section 4.1.1.2, Release to Groundwater

A plot of the fractional release per year by transport group was provided in Chapter 4 (Figure 4.6).
The same information is provided in Figure P.14 except that it is plotted as the cumulative percent of
mass released to the aquifer. At a value of 100 all of the mass has been released. The actual values
exceed the value of 100 due to a positive mass balance error. This error is discussed in Section P.6.
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Cumulative Percent of Mass Released to the Aquifer. Iodine-129 corresponds to transport
grouping IA, technetium-99 corresponds to grouping 2A. neptunium-237 corresponds to
grouping 3C, and uranium-238 corresponds to group 4A. Figure does not include
radioactive decay.
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Similar information is contained for transport group IA (iodine-129) in Figure P15. However, this
figure is plotted on a linear-linear scale and provides the fraction released from a region of the engineered
system rather than release to the water table, and information on the amount of material leaving the region
by diffusive or advective mechanisms. The-region is defined by a rectangle that passes along the
boundary between the top of the asphalt barrier and the gravel and then down from the top outside comers
of the asphalt barrier. Rather than following the slope of the wall, the region drops straight down through
the sloping asphalt barrier wall and passes between the asphalt barrier and side of the catch basin. The
bottom of the flux region is placed between the asphalt barrier and the soil.
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0 .25[

0.00
0 25 50

Tme (1000 Years)
75 100

Figure P.15. Case 1.0 (central compliance case): Fractional Release of Group IA (iodine-129) from
Region of Engineered System by Diffusive and Advective Mechanisms
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A similar plot is provided in Figure P.16, only it is drawn for transport group 2A (technetium-99).
As can be seen in the plots, the release from this region is very nearly split evenly between diffusive and
advective mechanisms.

-_ Difiusive Release
- - - - Advective Release

Total Release
1.00

0.75

Z 0.50

0.25

o 25 50 75 100
Time (1000 Years)

Figure P-16. Case 1.0 (central compliance case): Fractional Release of Group 2A (technetium-99) from
Region of Engineered System by Diffusive and Advective Mechanisms
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Fractional release by diffusion and advection from the region of the engineered system is provided
for compliance cases: Case 1.1 (delayed cracking), Figures P.17 and P.18; Case 1.2 (no HDPE flow path),
Figures P.19 and P.20; and Case 1.3 (composite model), Figures P.21 and P.22.
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Case 1.1 (delayed cracking): Fractional Release of Gioup IA (iodine-129) from Region of
Engineered System by Diffusive and Advective Mechanisms
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Figure P.18. Case 1.1 (delayed cracking): Fractional Release of Group 2A (technetium-99) from Region
of Engineered System by Diffusive and Advective Mechanisms
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Figure P.19. Case 1.2 (no HDPE flow path): Fractional Release of Group IA (iodine-129) from Region
of Engineered System by Diffusive and Advective Mechanisms
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Figure P.20. Case 1.2 (no HDPE flow path): Fractional Release of Group 2A (technetium-99) from
Region of Engineered System by Diffusive and Advective Mechanisms
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Figure P.21. Case 1.3 (composite model): Fractional Release of Group I A (iodine- 129) from Region of
Engineered System by Diffusive and Advective Mechanisms
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Figure P.22. Case 1.3 (composite model): Fractional Release of Gmup 2A (technetium-99) from Region
of Engineered System by Diffusive and Advective Mechanisms

P.6 Section 4.1.2, Dose Results for Groundwater Pathway

P.6.1 Mass Balance Information for Compliance Cases

Water was added to computational cells within the compliance case simulations to simulate water
vapor diffusion. As the result of a default feature of the code (which was unknown at the time), the water
was added at the concentration of the cells rather than as clean water. This resulted in a mass balance
error which is always positive and is most severe when water vapor diffusion rates and concentrations in
the affected nodes are the highest. The mass balance is computed for the problem as a whole, as well as
for a region containing much of the engineered system. The boundary for the mass balance within the
engineered system is a rectangular area, the top of which follows the boundary between the asphalt barrier
and the gravel. The bottom of the rectangle is between the asphalt barrier and the underlying soil. The
sides are vertical and are in line with the backfill soil/asphalt barrier interface at the top comers of the
asphalt barrier. Because the vault wall surface and asphalt barrier slope outwans. the sides of the
rectangular area pass from the outside of the asphalt barrier at the top corner, to the catch basin/asphalt
barrier interface near the lower comers. This region is referred to as the "engineered system" even though
it excludes some areas of the asphalt barrier. All of the vapor diffusion sources are included within this
region.
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The mass balance over time for the central compliance case is illustrated in Figure P.23 for the
entire problem as well as for the engineered system. The normalized total mass (NTM) which is plotted
is defined as:

NTM = (X""" + n (P.30)
(XO .)

where X,,,. = total mass within boundary at time of interest

X= = integral of flux across the boundary over time

X,. . = initial mass within boundary.

The mass balance error results for Cases 1.1 (delayed cracking), 1.2 (no HDPE flow path), and 1.3
(composite model) are shown in Figures P.24, P.25, and P.26, respectively. The mass balance errors in
Figures P.23, P.24, and P.25 indicate similar mass balance errors in that the errors occur in the engineered
system, always increase with time, and are of similar magnitude. However, Figure P.26, which shows the
mass balance obtained using the composite model for concrete ciacking, indicates a different mass
balance problem. The error within the engineered system appears to be similar to that in other compli-
ance cases and is probably due to the same water vapor diffusion source problem. The mass balance in
the remainder of the problem, however, shows a negative error which is larger than the error caused by
the water vapor diffusion. In addition, the direction of the error is apparently not constant. The cause of
the mass balance problem is not known. Because the engineered system contains all of the concrete and
mass balance for the engineered system is not different in this case, the difference in mass balance is not
attributed to the composite model being used for concrete water retention properties.
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Case 1.0 (central compliance case): Mass Balance as a Function of Time. Sepamrte mass
balances are tracked for the engineered system region (described above) and for the entire
problem domain.
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Case 1.1 (delayed cracking): Mass Balance as a Function of Time. Separate mass balances
are tracked for the engineered system region (described above) and for the entire problem
domain.
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(no HDPE flow path): Mass Balance as a Function of Time. Separate mass
are trcked for the engineered system region (described above) and for the entire
domain.
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Case 1.3 (composite model): Mass Balance as a Function of Time. Separate mass balances
am tracked for the engineered system region (described above) and for the entire problem
domain.
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P.7 Section 4.1.4.4, Analysis of High Recharge

As described in Chapter 4, Case 1.4 analyzed a recharge rate of 5 cm/yr using a staged degradation
model similar to that in the compliance cases. The moisture content contours resulting from a recharge
rate of 5 cm/yr are shown in Figure P.27. The mass balance errors experienced in this case were greater
than those experienced in cases with 0.1-cm/yr recharge. Figure P.28 shows a plot of the mass balance
error for transport grout IA (containing iodine-129) over time. The mass balance error is fairly small
until 5,000 years and then increases rapidly. Separate mass balances are shown for the engineered system
and the entire problem domain. As can be seen in Figure P.28, the source of the mass balance error is not
within the engineered system. For comparison, see Figure P.23, which shows the mass balance error over
time for the central compliance case. The mass balance error in the high recharge case appears to be due
to a different phenomenon. The magnitude of the error is much greater than in the central compliance
case, and the error appears to occur in the vadose zone rather than the engineered system. In addition, the
error both increases and decreases at different times while the central compliance case error only
increases.
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Figure P27. Case 1.4 (high recharge): Moisture Content Con' .. s Within Vadose Zone at 10.000 Years
for 5.0 cm/yr Recharge
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Figure P.28. Mass Balance Error Over TIme for Iodine-129 in Case 1.4

Figures P.29 and P.30 illustrate the amount of advective and diffusive transport from the engi-
neered system in Case 1.4. As can be seen in the figures, the amount of transport occurring by advection
is higher in this case as was the case with the 0.1-cm/yr recharge rate (see Figures P.15 and P.16).
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P.8 Section 4.2.1.1, Central Sensitivity Case

P.8.1 Mass Balance Information

Figure P3J shows the mass balance error experienced in Case 2.0 (central sensitivity case).
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Mass Balance Error for Case 2.0 (central sensitivity case). The central sensitivity case does
not include a water source within the problem.
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P.8.2 Water Flux in Cracks

In an attempt to increase understanding of the behavior of the central sensitivity case, the amount of
water passing through the cracks in the barrier was monitored during the simulation. In the central sensi-
tivity case, all cracks are modeled as 10-cm cracks filled with backfill soil. The flowrates into cracks (+)
and out of cracks (-) are shown below for the 90,000-year period in which the barrier is intact. The flows
are constant with time.

Crack Location L/yr/Vault

Upper right vertical + 8.0
Upper left vertical + 5.9
Upper right horizontal +16.0
Upper left horizontal + 6.0
Lower right horizontal -18.0
Lower left horizontal -18.1

P.9 Section 4.1.3, Sensitivity Cases for Engineered System

P.9.1 Grout

As noted in Chapter 4, the comparison between Cases 2.2D and 2.0 indicated that a two order-of-
magnitude increase in diffusion coefficient produced a small counter intuitive increase in release. This
was attributed to diffusion into the concrete where hydraulic conductivities are smaller than in the grout.

During this calculation, a boundary was drawn around the grout and cold grout along the inner
boundary of the concrete on the top, bottom, and left side of the grout. On the right side of the problem,
the boundary is located one node into the grout rather than at the grout/concrete interface. The flux out of
this rectangular area from advection and diffusion was monitored over time in both Cases 2.2D and 2.0.
The transport out of the region is 15% greater at 16,000 years for transport group IA (iodine- 129) with
the higher diffusion coefficient. After 26,000 years, the integrated release from the grout is approxi-
mately equal. At this time in the central sensitivity case analysis, advection accounted for 31% of the
cumulative contaminant transport across this boundary. In the case with a lower grout diffusion coeffi-
cient, advection accounted for 64% of the transport from the grout region. This information is consistent
with the hypothesis that the higher diffusivity increased release by reducing the transport into the concrete
where hydraulic conductivities (as well as diffusion coefficients) are lower. In the case of
neptunium-237, the reduction in diffusion coefficient results in a small decrease in release. This is
because the release is controlled by sorption in the grout while sorption is not modeled in the concrete.
Therefore, for neptunium-237, transport into the concrete results in greater mobility rather than less.
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P.9.2 RCRA Cover and Recharge Rate

Case 2.58 examined the impact of a recharge rate of 5 cm/yr. As outlined in Chapter 4, this pro-
duced approximately a factor of 10 increase in peak dose prior to barrier degradation and caused the
arrival of contamination to occur much earlier. The flow into and out of the cracks was measured as it
was in the central sensitivity case. The flow through cracks is pmvided below.

Crack Location Flow: L/yr/Vault

Upper right vertical + 17.1
Upper left vertical + 15.0
Upper right horizontal +292.8
Upper left horizontal + 68.1
Lower right horizontal -207.0
Lower left horizontal -186.0

As can be seen, the flows ar roughly an order-of-magnitude greater than in the central sensitivity case.
Thus, the higher recharge is increasing the flow through the cracks in the barrier. This is believed to be
the key mechanism causing the higher level of releases. The high recharge also produces higher advec-
tion velocities in the soil, which dramatically shortens the arrival time.

The mass balance information in this case is shown in Figure P.32. As can be seen, the higher
recharge increases the mass balance error relative to the central sensitivity case (compare Figure P.31).
The reason for this is not known.
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Figure P.32. Mass Balance Information for Case 2.5B, 5-cm/yr Recharge Sensitivity Case

P.9.3 Water Vapor Return

As noted in Chapter 4, the mass balance error was increased when a water source representing the
diffusion of water vapor was added to the problem (Case 2.6A). Figure P.33 shows the mass balance
error for Case 2.6A over time from 1,000 to 90,000 years. This figure can be compared to the mass
balance results from the central sensitivity case shown previously in Figure P.31, which does not include
a water source simulating water vapor return. Upon investigation. the increased mass balance error was
deternined to be due to a default in the code that caused the water source, being introduced to simulate
water vapor diffusion, to enter the problem at the concentration currently present in the cell into which it
was introduced. Because of this, the effect is most pronounced when the water vapor diffusion rates and
concentraions in the cracks are highest. In addition, the problem always results in the addition of mass to
the system and in this sense it is conservative. The source of the mass balance problem was not deter-
mined until after the compliance case simulations had been executed. Therefore, all compliance case
simulations are also subject to this error. Mass balance errors for compliance cases was discussed in
Section P.6.
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Figure P.33. Mass Balance Error for Case 2.6A from 1.000 to 90:000 Years. Case 2.6A includes a water
source in the upper cracks to represent water vapor diffusion.

P.10 Section_4.2.2, Sensitivity of the Unconfined Aquifer Analysis to Irrigated
Agriculture

Four cases involving different recharge rates have been analyzed-a natural recharge, a 5-cm/yr
increment over natural recharge, and two cases associated with irrigated agriculture. The first represents
a post-Hanford aquifer with natural recharge. In this analysis tfie Grout Disposal Facility received
0. 1-cm/yr infiltration through the barrier system. The other cases apply additional annual infiltration
amounts of 5, 10.2. and 25.4 cm/yr. The 5-cm/yr case is the high recharge case which appears in the per-
formance assessment. Cases involving 10.2- and 25.4-cm/yr are based on present trends in irrigated agri-
culture in Benton and Franklin counties. A rate of 10.2 cm/yr is the average recharge rate for a diverse
pattern of crops. A rate of 25.4 cm/yr is associated with potatoes. When the Hanford Site becomes avail-
able for agriculture, the initial crop probably would be potatoes, which would do well in virgin soils.
Crop diversification would take place after only a few years. Irrigated agriculture will probably occur as
soon as the public is allowed unrestricted access.

The results of the analysis are summarized in Thble P.12. Two blocks of information are presented.
The first four rows report the analysis for a high pumping rate of 45 m3/d, the last four rows report that
for a low pumping rate. Several related aspects of these analyses become clear. Greater recharge causes
the aquifer thickness to increase. The flow field also shifts from easterly under the 0.1 -cm/yr case, to
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Table P.12. Summary of Well Intercept Factors for Infiltration and Pumping Rate Combinations

Well
Intercept

(m)

Plume
Width

(m)

Average
Gradient at

Facility
(dimensionless)

Groundwater
or Well

Discharge
(m3/d)

High Punoing Rate (irrigated farm scenario)

255
416
479
479

Low Pumping Rate

256
416
479
479

4.76
3.9
3.2

5.28

4.18
3.1
3.2

5.28

10
I O4
104
I W

104

104
ia-

45
45
45
45

24.6
29.7
35.3

465.4

northeasterly for the 5-cm/yr case, to northward for the 10.2-cm/yr case, and finally to the northwest for
the 25.2-cm/yr case. This rotation of the flow field is a result of water which mounds on the plateau
region of the site as it finds a way around Gable Mountain and to the Columbia River. As groundwater
deepens in response to recharge, it simply finds it easier to move through the gap between Gable Moun-
tain and Gable Butte and to the river, than to move directly east to the river. The plume width estimate is
a direct result of the flow field rotation. As the field rotates from an easterly flow to a northerly flow, the
longer axis of the site becomes perpendicular to the flow field. Clearly, the highest recharge case has a
different response than the others. The depth of aquifer in this case implies that groundwater flow is
occurring in the Hanford formation gravel sequence. This explains the greatly reduced well intercept
width and the increased groundwater discharge.

Both analyses, negligible and 45-mn/d pumping rates, produce the highest well intercept factor for
the case involving a diverse pattern of crops similar to those of Benton and Franklin counties. The lowest
factors and greatest reduction in concentrations are a result of the lowest recharge, 0.1 cm/yr. which is
associated with the permanent isolation barrier. This low recharge rate was employed in the majority of
performance assessment cases.
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Case
(cm/yr)

Aquifer
Thickness

(m)

0.1
5

10.2
25.4

Recharge
from

Facility
(m3/d)

21.1
25.1
28.7
36.9

144
160
170

32

0.1
5

10.2
25.4

21.3
25.2
28.7
36.9

Well
Intercept

Factor

0.00308
0.105
0.197
0.0924

0.010
0.415
0.708
0.13366

0.245
12.25
25.0
62.2

0.245
12.25
25.0
62.2
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Appendix Q

Best Estimate Crack Predidtions for the
Grout Vault Engineered Barriers

B. V. Winkel, Westinghouse Hanford Company

Q.1 Introduction

Precise crack predictions in asphalt and-concrete are difficult even in controlled-laboratory condi-
tions. For the grout vault application, significant uncertainties exist in the stress magnitudes, even for the
near-term loadings (settlement, thennal, shrinkage, soil/grout pressures, stress redistributions caused by
asphalt creep). These load/stress uncertainties increase with time, particularly with regard to seismic
events. Uncertainties in material property changes caused by aging and chemical reactions also increase
with time.

Because the cracking estimates are used in flow/transport computer models, it was necessary to
establish quantitative predictions. However, because of the uncertainties, it was not reasonable to attempt
to numerically derive the quantitative crack estimates. A more reasonable approach was to base the esti-
mates on judgment influenced by the limited available data. Because the uncertainties increase with time,
the long-term crack estimates involve greater conjecture and larger spans of time were considered for the
longer-term predictions provided in Section Q.3.

Although significant uncertainties exist in quantitative crack predictions, note that, in general, the
grout vault design is relatively benign regarding crack potential. During normal loading, the general
stress pattern is compressive (i.e. the loading imposed by the soil is inward on all outside surfaces of the
vault). Because no structurally significant voids are inside the vault, there cannot be structural collapse or
significant displacements and associated opening of cracks in the vault components. The buried, desert
sand environment is also a significant factor in minimizing cracking. That is, a buried structure does not
experience the freeze/thaw, wet/dry, or hot/cold cycling which is experienced by a surface structure. The
aging effects of air/oxygen, sunlight, and drying shrinkage are also reduced.

Therefore, cracking should be minimal and cracks would tend to remain closed. The one potential
exception to this statement is with the asphalt walls. Between the asphalt and concrete walls is one inch
of thermal insulation board, which may compress and/or disintegrate with time. Should this occur, the
voided space may result in a downward flow or "slumping" of the asphalt walls and the asphalt wall could
separate from the asphalt roof.
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Q.2 Procedures for Establishing Crack Estimates

Given the uncertainties in the crack predictions, the ideal procedure is to perform a probabilistic
evaluation. However, a quantitative probabilistic analysis is not feasible because there is insufficient data
on the uncertainty distributions f'r the significant parameters. Another alternative for dealing with sig-
nificant uncertainties is to base the crack predictions on highly pessimistic assumptions for all parameters
involved. However, the resulting combination of worst case assumptions could produce an extremely
conservative estimate with little meaning. The grout vault performance assessment analysts' consensus
was that the most meaningful approach would be to establish a "best estimate" for each of the potential
cracking mechanisms.

The first step in the crack prediction effort was to review the existing literature relative to potential
crack mechanisms in concrete and asphalt. For concrete, a relatively comprehensive list of crack mech-
anisms is available in ACI 224.1R (ACI 1984). Based on ACI 224.1R and other literature on concrete
and asphalt cracking, it was decided to develop a grout vault "relative significance" number for each of
the potential cracking mechanisms. A significance factor for each mechanism was found by multiplying
a relative "probability of occurrence" times a "consequence factor" using a scale of 1 to 5. The resulting
"significance factor" product potentially ranges from I to 25. This effort is summarized in Attachment 1.
The results are shown in Table Q. 1. The significance factors were used in the crack predictions provided
in Section Q.3 below.

The development of the significance factors for concrete cracking, summarized in Attachment 1,
was pattemed, after a Failure Modes and Effects Analysis (FMEA) tool used for evaluating potential fail-
ures in military and aerospace hardware. [Refer to DOD (1980).] An FMEA uses relative probability of
occurrence and failure consequences to focus on design improvements which will increase reliability in
service. It is a relatively simple, qualitative alternative to a full-fledged probabilistic evaluation. The
results given in Table Q. I provide information to identify the more important crack mechanisms for the
grout vault application.

In addition to the ACI 224.1R committee report. several other documents about concrete cracking
and durability were reviewed. [Refer to Clifton (1989), Walton (1990), Hookham (1991).] The grout
vault stress reports were also reviewed (KEH 1991, Winkel 1992). These documents also influenced the
cracking estimates described in the next section.

The asphalt cracking predictions were influenced by the following efforts: 1) asphalt pavement lit-
erature review, 2) review of grout vault asphalt design documentation, and 3) discussions with asphalt
aging experts. The contribution of the asphalt paving experience to the grout vault is limited because the
grout vault application significantly departs from a typical pavement design (i.e., loading, thickness, envi-
ronment, mix design, and design life).
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Table Q.I. Relative Significance of Potential Cracking Mechanisms
(Listed in order of significance, highest first)

Component

Concrete Vault

Asphalt Barrier

Cracking Mechanism

Long-Term Seismic Loading
Long-Term Rebar Corrosion
Roof Cracking Between Roof Planks
Wall/Floor Construction Joints
Short-Term Drying Shrinkage
Short-Term Thermal Stress
Chemical Degradation Mechanisms
Fresh Concrete Settlement in Floor
Externally Applied Loads
Long-Term Drying Shrinkage
Short-Term Rebar Corrosion
Poor Construction Practices
Design Detailing Errors
Short-Term Seismic Loading
Fresh Concrete Plastic Shrinkage
Weathering

Thermal Board Disintegration
Long-Term Seismic Stresses
Thermal Stresses
Construction Joint Cracks
Shrinkage Cracking
Crack Enlargement from Biodegradation
Fatigue Cracking
Short-Term Seismic Stresses

Concerning design documentation, a significant material property testing effort was conducted for
the grout vault asphalt mix design (Vallerga 1992). The Vallerga report recommended using a 1% tensile
strain criteria to avoid cracking. As indicated in Section Q. 1, under normal loading the general stress
state is compressive. This means that if the 1% strain criteria is exceeded, it would be local in nature and
not project through the wall, for the short term. The one possible exception to this statement is the wall/
roof intersection region discussed in Section Q.l.

- -- Fort-e-ing-term,-cmcking can be influenced by asphalt aging/baniening. if the asphalt becomes
embrittled, surface cracks may extend through the wall thickness during a seismic event. Based on con-
sulting with asphalt aging experts, the consensus was that for the thick, relatively impermeable grout vault
asphalt walls, the aging, and associated cracking, should be a surface phenomena.

Q.3

Significance
Factor

16
16
16
15
9
8
8
6
4
3
3
3
3
3
2
2

15
8
6
5
4
4
3
3
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Q.3 Best Estimate Crack Predictions

From Table Q.1, the more significant contributors to concrete cracking for the grout vault are
1) seismic-induced cracking, 2) rebar corrsion, 3) roof cracking between roof planks, and 4) built-in
cracks at construction joints. To simplify the concrete cracking predictions, it was assumed that the con-
crete cracking would be dominated by these four mechanisms. This assumption was influenced by the
existence of an asphalt liner on the inside surface of the concrete walls. The sealing effect of this liner
should compensate for the minor cracking mechanisms.

Using the procedures discussed in Section Q.2, the best estimate crack predictions given in
Table Q.2 were obtained. The rationale for these predictions is summarized in the remainder of this sec-
tion. Note that the crack descriptions are divided into time periods of increasing length. For flow model-
ing purposes, it can be assumed that the described cracking occurs in the middle of the period or, more
conservatively, in the beginning of the period.

Q.3.1 0- to 100-Year Time Period

As shown in Table Q.2. limited cracking is predicted for the first 100 years. The only expected sig-
nificant cracking is between the planks in the roof. The roof planks are 4-ft wide precast panels. Follow-
ing placement, the-joints between planks are grouted and a thin, lightly reinforced cap is placed over the
entire roof. As overburden weight is added from the roof asphalt and cover soil, it is likely that through-
wall cracks will form at the roof plank joints.

Some minor cracking in the concrete is expected from drying shrinkage and/or thermal stresses in
the first 100 years. If any of these cracks should extend through the wall, they should remain sealed
because of the presence of the asphalt liner. Rebar corrosion should not be significant in the first
100 years because cathodic protection exists for the rebar, if needed. For the asphalt, some cracking may
occur in the upper corners due to wall slumping, but it is not expected to extend through the wall because
of the compressive character of the stress and the ductile nature.of the asphalt.

Q.3.2 100- to 1,000-Year Time Period

For the 100- to 1,000-year time period, the only through-wall cracks predicted for the asphalt are at
the top comers. This position is based primarily on the assumption that the asphalt core remains ductile,
preventing permanent through-wall cracks. For the concrete, it is assumed that the metal water stops in
the construction joints have lost their ability to seal due to corrosion. Some rebar corrosion is predicted,
but it is assumed that there is insufficient corrosion and seismic activity to expect significant through-wall
cracking.

Concerning rebar corrosion, many quantitative corrosion predictor models in the literature exist.
[Refer to Walton (1990).] All of these models are limited to chloride ion attack because, historically,
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Table Q.2. Best Estimate Crack Predictions

Time Period
(Years) Through-Wall Crack Descriptions

0 - 100

Q.5

Component

Asphalt Barrier

Concrete Vault

Asphalt Barrier

Concrete Vault

Asphalt Barrier

Concrete Vault

Asphalt Barrier

Conee Vault

* Initiation of surface cracks in upper
comers caused by asphalt wall cowT CradnS #
'slumping," but no through-wall cracks.

* 0.5-mm-wide cracks between each 4-ft
(122-cm) roof plank.

* Wall and floor cracks, if any, will be
sealed by asphalt liner.

* 5-mm through-wall cracks develop in
the wall/roof intersection region.
cafisd by additional wall slumping Constnuctlon
and seismic activity. Ents

* Surface hardening results in some
surface cracking, but through-wall -
cracks exist only in the upper corners.

* Asphalt liner and metal waterstops
degrade, resulting in all construction joints (5 wall joints and I door
joint) effectively acting as 0.5-mm through-wall cracks.

* Roof plank joint cracks increase to I mm in width due to seismic
activity.

* Surface cracks develop due to rebar corrosion, but don'.t extend through
the walls, floor, or roof.

* Additional hardening, biodegradation, and cracking at the surface, but
sufficient soft core prevents crack extension through the wall, except at
the upper comers. Upper corner through-wall cracks remain at 5-mm
size.

* Construction joint cracks increase in size to I mm due to seismic
activity.

* Roof plank joint cracks increase in size to 2 mm due to seismic activity.
* Seismic activity causes 1-mm corrosion-induced surface cracks to extend

through the wall at every 10th rebar location [i.e. every 40 in. (-I m)1.

* Additional surface degradation (hardening, biodegradation) results in
some surface cracks extending through the wall. Assume 1-mm cracks
every I m.

* Upper comer through-wall cracks remain at 5-mm size.
* Construction joint cracks increase in size to 2 mm due to seismic

acti
* R oof plank joint cracks remain at 2 mm.
* Corrosion-related cracks increase in size and number to 2 mm every

50 cm.

100-1,000

1,000 - 104

1W* - to
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this has been the source of rebar corrosion (e.g. de-icing salts on bridge decks). The application of these
models to the grout vault environment (i.e., chemistry) is questionable. On the positive side, corrosion is
less likely for low water cement ratio mix designs and high pH environments, both of which are true for
the grout vaults. However, it is difficult to prove that significant rebar corrosion will not eventually occur
and it was therefore assumed that corrosion-induced surface cracks develop during the 100- to 1,000-year
time period.

Q.33 1,000- to 10,000-Year Time Period

Based on the assumption that the asphalt hardening is a surface phenomena, through-wall cracking in
the asphalt was assumed to be limited to the upper corners for the 1,000- to 10,000-year time period. This
prediction was also influenced by the results of seismic analyses of the grout vault asphalt (Winkel 1992),
which indicated relatively low seismic stresses in the asphalt. For the concrete vault, it was assumed that
seismic activity results in a widening of the existing cracks as well as through-wall extension of 10% of
the corrosion-induced surface cracks.

f.3.4 10,000- to 100,000-Y ar Time Period

It was assumed for the 10,000- to 100,000-year time period that biodegradation and surface cracking
results in hardening progressing through the thickness of the asphalt barrier. It was further assumed that
during seismic events through-wall cracks would occur throughout the asphalt barner. Cracking of the
concrete was assumed to follow the pattern of the previous time period (i.e., widening of existing cracks
and the introduction of new cracks).
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Attachment 1

Evaluation of Concrete Cracking Mechanisms

Q.9



Summary of Evaluation of Potential Cr.acking Mechanisms in tie Grout Vault Structures

Cracking Mechanism
Probability of
Occurrence

Consequence Significance
Factor Factor

Vault Concrete Plaslic Shrinkage
(Fresh Concrete)

Fresh Concrete
Settlement

Short-Term Drying
Shrinkage (Hardened
Concrete)

Long-Term Drying
Shrinkage

Vault Concrete Thermal Stress (Short
Term)
Thermal Stress(Long
Term)
Concrete Chemical
Reactions

Weathering

Rebar Corrosion (Short
Term)

2

3 2

3 3

3

2

2

2

4

I I

4

8

2

3

I

Material Comments

00

Only occurs on hot dry days when improper curing prac-
tices are employed. Generally occurs in horizontal slabs,
which, for the grout vault, would be the floor of the vault.
If such a condition developed in the vault floor, it is highly
probable that it would be detected and correc'ed.
Generally occurs immediately above rebar in flat slabs
when improper placing procedures are used. Some prob-
lems with this mechanism occurred in the initial vaults.
Cracks are generally shallow, immediately above the rebar.
Generally caused by surf ace drying faster than the interior,
which could occur in the vaults before grout fill. Cracks
generally are relatively tight and limited to the surface.
Through-wall cracks occur only if full section is in tension
(e.g., wall shrinkage restricted by grout).
In the long term, humid environment of the buried vaults,
drying shrinkage should be minimal.

Based on conservative thermal stress analysis of grout fill.

Some long-term chemical degradation of the concrete is
likely. However, it is also likely that the consequences will
be minimized because the reaction products are expansive
and will tend to seal cracks as they develop. Some
seismically-induced crack opening and resealing is
expected.
Three types of weathering in ACI 224.IR (freeze/thaw,
wet/dry, heating/cooling). As buried structures, the vaults
should not experience significant weathering.
Short-term rebar corrosion is unlikely because 1) cathodic
protection is available, 2) short-term pH is high, 3) low
permeability concrete is used,4) relatively low chlorides
with limited free moisture is present, and 5) vault asphalt
liner separates grout from the concrete walls.
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Summary of' Evaluatiosn or' I'ttetdial Cracking iechanisins in lhe Grouit V it Sotictures (conid)

Material

Asphalt Diffusion
Barner

Asphalt Diffusion
Barrier

Cracking Mechanism

Thermal Stress

Fatigue Cracking

Seismic Stresses (Short
Term)

Seismic Stresses (Long
Term)

Construction Joints

Thermal Board
Disintegration

2

Probability of
Occurrence

Consequence Significance
Factor Factor

3

3

3

42

Comments

Asphaltic concrete has a relatively high thermal expansion
coefficient, resulting in a higher potential for significant
thermal stresses. However, thermal stresses arc highest in
the first few years following grout fill, when the asphalt
should be relatively ductile, reducing the probability of
thermal cracking.
Fatigue cracking is observed in highway pavements due to
the high degree of cyclic loading. Other than some limited
cycling due to seismic loading, the vault stresses are not
cyclic.
The short-term seismic mechanism should not be signifi-
cant because the probability of significant seismic loading
is low and in the short germ, the asphalt is relatively ductile.

Based on estimates from asphalt aging experts, the vault
asphalt hardening should be a surface phenomena. A seis-
mic event could extend or initiate cracks in the hardened
surface and accelerate the depth of hardening.
Cold pour/construction joints in the asphalt barrier are
potential planes of weakness, but the healing nature of the
fresh asphalt is expected to make this mechanism insignifi-
cant. A high consequence factor was assumed because
many cold pour joints are in the asphalt walls.
Thermal board disintegration could contribute to asphalt
wall "slumping" which could produce cracks in the wall/
roof joint area. The best estimate disintegration of the Iher-
mal board is a minimal, slow process based on wood dis-
integration in the anticipated environment (asphalt coated.
low moisture, low air availability).
Biodegradation at cracks in highway pavements has been
noted in the literature. 1I is postulated that the increased
surface area exposed by cracks could accelerate the bio-
degradation and increase the effective size of the cracks.
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Biodegradation-induced 2
Crack Enlargement
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SUrniary of Evaluatian (if Potential Cracking Miechanisms in the (;rout Vault Situctures (conid)

Cracking Mechanism
Probabilly of
Occurrence

Conseqluence Significance
Factor Factor

vault Concrete Rebar Corosion (Long
Tern)

Poor Consituction
Practices

Construction Overloads

Design Detailing Errors

Vault Concrete Externally Applied
Loads. Dead
Weight/Soil Pressure
Seismic Loading (Short
Tenn)
Seismic Loading (Long
Term)

Roof Cracking Between
Precast Planks

Construction Joints

Asphah i ilusion

BaMier
Slaikage

4 4

3

2

3

2

3

2

4

4

S

2

4

3

2

.16

3

2

3

4

3

16

16

Is

4

Over a long time period, depassivaion of the steel rein-
forcement is likely due to a gradual lowering of the pHl
(carbonation and/or leaching). Grout chemistry degrada-

tion of the rebar cover concrete also could contribute to an
eventual initiation of corrosion.
ACI 224.IR lists several poor construction practices which
can cause cracking. The grout vault construction is
relatively well controlled and should not have significant
problems of this type. If construction-related cracking does
occur. it is likely to be discovered and corrected.
Concrete is susceptible to cracking during construction
because the young concrete has not achieved full strength.
However, the carefully controlled grout vault construction
should prevent any construction overloads.
Since thelgrout vault design has been subjected to signifi-
cant review, design/detailing errors are not likely.

Dead weighi/soil pressure loadings maximum stress predic-
lions are below the minimum cracking strength.

Short-term probability of a seismic event is low. Conse-
quences are low for nondegraded structure.
Long-term probability of a seismic event is much higher.
Long-term consequences are high due to degradation from
other mechanisms. This would include both the extension
of existing cracks and the introduction of new cracks.
Nonreinforced joints between roof planks are filled with
field grout followed with a relatively thin layer of concrete
topping over the entire roof. Some cracking wil likely
occur at these locations because of overburden loading.
Construction joints ae designed into the walls and the
door. Metal water stops seal the joints initially but the
long-tent scaling ability is questionable.

Shrinkage may occur from loss of volatiles and/or chemical
reactions. The absence of information in the literature on
this mechanism leaves the impression that this is not a sig-
mii' cast mechatism.

Material Comments
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